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Dear  Dr.  Schlossberg: 

I  enclose  a  copy  of  the  Final  Technical  report  for  the  grant  “Nonlinear 
Optoelectronic  Integrated  Systems”  #  F49620-96  -  1  -0096.  The  papers,  which 
represented  the  major  part  of  the  report,  have  been  updated  to  the  actual 
published  versions  rather  than  the  preprints  that  were  originally  included.  The 
grant  was  a  major  factor  in  helping  us  to  make  new  types  of  systems.  These 
ranged  from  Integrated  Polymer  Modulators  at  millimeter  wave  frequencies  and 
optically  controlled  phased  array  radars,  to  optically  controlled  microwave 
phase  conjugation  surfaces. 

Other  concepts  and  devices  were  also  explored  in  this  grant  including 
MEMs  based  non  linear  arrays,  high  power  phototransistors  and  ELO  optical 
mixers.  Many  of  the  devices  conceived  during  this  effort  are  being  actively 
investigated  today  and  are  beginning  to  be  used  commercially. 

I  thank  you  again  for  your  support  and  guidance  in  this  program. 


Sincerely  yours,  ^ 
Harold  Fetterman 
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This  program  investigated  the  development  of  enabling  technologies  for 
optoelectronic  integration  and  novel  nonlinear  concepts  using  these  elements. 
As  part  of  this  effort  we  used  optical  mixing  techniques  to  demonstrate  optical 
modulators  working  above  100  GHz.  Phototransistors  were  fabricated  and 
tested  at  60  GHz  at  high  optical  powers.  Passive  devices  such  as  fiber  gratings 
were  tested  and  used  as  nonlinear  transmission  elements. 

Perhaps  the  most  interesting  part  of  this  effort  involved  the  use  of 
optically  coupled  mixers  to  be  used  in  phase  conjugation  systems.  This  concept 
is  now  actively  being  studied  for  communications  networks.  In  addition  serially 
fed  optically  controlled  radars  were  conceived  and  developed.  The  hardest  part 
of  such  a  system  is  the  receive  and  this  was  also  demonstrated. 

Other  concepts  which  were  studied  as  part  of  this  overall  program 
involved  the  use  of  ELO  HEMTs  for  optical  detectors  and  mixers.  This  work  was 
limited  to  140  GHz  because  of  the  available  devices.  Later  the  actually  optical 
mixing  was  extended  to  2 1 1  GHz.  This  was  a  record  at  the  time  and  has  just 
recently  been  broken  by  our  group. 


Finally,  other  experimental  devices  which  were  investigated,  as  part  of 
our  integrated  effort,  involved  the  use  of  Femto  second  lasers.  The  bandwidth 
of  the  lasers  were  vital  to  examining  fiber  optic  gratings  in  transmission  and 
,more  recently,  the  implementation  of  time  stretching  for  high  speed  A  to  D. 

Papers  are  attached  which  document  all  of  these  efforts  and  the  major 
results. 


Harold  Fetterman 


54 


IEEE  PHOTONICS  TECHNOLOGY  LETTERS,  VOL.  11,  NO.  1,  JANUARY  1999 


High-Frequency  Polymer  Modulators  with 
Integrated  Finline  Transitions  and  Low  14 

Datong  Chen,  Daipayan  Bhattachaiya,  Anand  Udupa,  Boris  Tsap,  Harold  R.  Fetterman,  Fellow,  IEEE, 
Antao  Chen,  Sang-Shin  Lee,  Jinghong  Chen,  William  H.  Steier,  Fellow,  IEEE,  and  Larry  R.  Dalton 


Abstract —  Ultrahigh-speed  integrated  electrooptic  polymer 
phase  modulators  have  been  fabricated  and  tested.  They  are 
made  from  a  new  nonlinear  optical  polymer,  amino  phenylene 
isophorone  isoxazolone  (APII),  and  are  incorporated  with 
integrated  high-speed  electrode  transitions  for  PT-band  (75-110 
GHz)  operation.  This  new  polymer  has  also  been  used  to 
fabricate  Mach— Zehnder  modulators.  These  devices  show 
good  performance  over  a  wide  frequency  band  ranging  to  40 
GHz  and  have  a  Fir  <  10  V.  The  measurements  establish 
APII,  and  other  chromophores  specially  designed  to  minimize 
chromophore-chromophore  interaction,  as  strong  contenders  for 
fabricating  modulators  for  commercial  and  military  applications. 

Index  Terms — Electrooptic  modulation,  finline  transition,  opti¬ 
cal  mixing,  optical  waveguides,  traveling-wave  devices. 

NONLINEAR  optical  polymer  materials  have  become  a 
viable  option  for  future  high-performance  integrated  op¬ 
tics.  This  is  especially  true  for  high-frequency  optical  circuits 
because  of  their  high  nonlinearity,  fast  electronic  response  and 
near  ideal  velocity  match  for  traveling-wave  devices.  Recent 
progress  in  research  on  nonlinear  optical  polymer  materials 
and  devices  made  from  them  confirm  these  predictions  [l]-[4]. 

Previously,  we  demonstrated  the  operation  of  polymer 
traveling-wave  phase  modulators  up  to  110  GHz  [5].  In  those 
experiments,  we  used  commercial  coplanar  waveguide  probes 
(Picoprobe  Model  120)  to  launch  the  driving  power  into  the 
modulators.  Though  these  probes  provided  excellent  coupling 
of  the  power  up  to  120  GHz,  they  are  unsuitable  for  integrated 
modulator  structures  due  to  their  cost,  size,  and  geometry.  In 
this  paper,  we  present  the  design  and  fabrication  of  a  set 
of  devices  with  monolithically  integrated  antipodal  finline 
transitions,  the  structure  of  which  is  shown  in  Fig.  1.  It  has 
the  advantage  of  low  loss  and  high-dimensional  fabrication 
tolerance.  The  transition  gradually  transforms  the  electric  field 
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Fig.  1 .  (a)  Design  of  the  finline  transition,  (b)  The  changing  overlap  between 
the  top  and  bottom  electrodes  gradually  rotates  the  electric  field  by  90°. 


profile  of  the  rectangular  metallic  waveguide  to  that  of  the 
microstrip  line  electrode  on  the  device  and  effectively  couples 
the  microwave  driving  power  into  the  modulator. 

We  chose  to  use  a  127-^m-thick  Mylar  film  as  the  dielectric 
substrate  owing  to  its  low  microwave  loss  tangent;  good 
electrical,  chemical,  thermal  and  mechanical  properties.  The 
Mylar  film  was  glued  onto  a  silicon  wafer  for  mechanical 
support  during  processing  and  detached  from  it  just  before 
insertion  into  the  waveguide.  A  layer  of  silver  and  gold  was 
deposited  on  the  Mylar  to  serve  as  the  lower  ground  plane  for 
the  microstrip  lines. 

Using  photolithography,  the  lower  finline  transition  pattern 
was  etched  in  the  region  to  be  inserted  into  the  waveguide. 
The  lower  cladding  layer  and  the  active  polymer  layer  were 
spin  coated  and  the  active  polymer  was  corona  poled.  The 
optical  waveguide  pattern  was  defined  on  the  polymer  using 
reactive  ion  etching  with  alignment  to  the  pre-etched  ground 
pattern.  The  upper  cladding  was  spun  on  and  a  thin  layer 
of  chromium  and  gold  was  deposited  for  the  top  electrode. 
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(b) 

Fig.  2.  (a)  Photograph  of  the  fabricated  polymer  modulator  with  integrated 
finline  transitions  at  both  ends  of  the  traveling- wave  electrode,  (b)  Photograph 
of  the  packaged  W-band  polymer  modulator.  This  shows  one  modulator  in 
the  array  connected  to  the  rectangular  waveguide. 


A  thick  photoresist  was  patterned  to  define  the  top  electrode 
and  the  upper  finline  transition.  This  pattern  was  precisely 
aligned  to  the  polymer  optical  waveguide  and  the  lower 
finline.  Electrochemical  gold  plating  was  used  to  increase  the 
thickness  of  the  top  electrode  to  7  /xm.  The  end  surfaces  of 
the  optical  waveguide  were  prepared  using  a  dicing  saw.  A 
photograph  of  the  fabricated  device  is  shown  in  Fig.  2(a). 
The  particular  finline  transition  region  to  be  inserted  into  the 
rectangular  waveguide  was  separated  from  the  array  and  the 
polymer  layers  on  the  lower  finline  transition  pattern  removed 
using  a  solvent.  The  transition  was  then  inserted  into  the 
waveguide  as  shown  in  Fig.  2(b). 

Previously,  we  have  made  polymer  modulator  devices  using 
PUR-DR  19  that  had  an  electrooptic  coefficient  r33  =  15 
pm/V,  about  half  that  of  LiNb03.  Recent  efforts  in  nonlinear 
organic  chemistry  have  resulted  in  the  synthesis  of  polymers 
with  electrooptic  coefficients  close  to  or  even  exceeding  that  of 
LiNb03.  This  is  a  direct  consequence  arising  out  of  a  better  un¬ 
derstanding  of  the  London  forces  governing  the  dipole-dipole 
electrostatic  interactions  [6].  One  such  polymer  developed 
by  Dalton  et  aL  is  amino  phenylene  isophorone  isoxazolone 
(APII)  which  has  a  r33  =  30  pm/V  at  an  optical  wavelength  of 
1.06  ixm  [1].  In  addition  to  impressive  nonlinearities,  APII  has 
exhibited  low  optical  losses  and  high  stability.  Fig.  3  shows  the 


Fig.  3.  Optical  loss  of  the  APII  as  a  function  of  the  propagating  distance. 
Note  that  losses  typically  increase  after  crosslinking. 


intrinsic  optical  loss  (-1  dB/cm)  of  the  APII  as  a  function  of 
the  propagating  distance  of  light.  The  temporal  stability  of  the 
induced  acentric  dipole  alignment  is  achieved  by  incorporating 
chromophores  into  a  crossl inked  polyurethane  thermosetting 
network.  This  increases  the  optical  losses  slightly,  but  makes 
these  systems  very  robust.  We  have  used  them  with  relatively 
high-power  levels  (>20  mW)  for  long  periods  of  time.  APII 
exhibits  high  thermal  stability,  the  decomposition  temperature 
being  235  °C.  Alignment  temporal  stability  ranges  from  90  °C 
to  120  °C  for  a  crosslinked  polymer  network. 

The  performance  of  these  APII  polymer  devices  was  mea¬ 
sured  using  an  optical  heterodyne  technique  [7].  This  technique 
involves  mixing  of  the  modulated  output  of  our  device  and 
the  output  of  a  tunable  laser  that  is  set  at  a  fixed  frequency 
away  from  the  center  frequency  of  the  modulated  laser  beam. 
A  generalized  schematic  of  this  measurement  is  shown  in 
Fig.  4(a).  Assuming  small-signal  case,  one  of  the  terms  gen¬ 
erated  by  the  beating  between  the  three  arms  has  a  frequency 
A/  =  /  —  (Fi  —  F2)  and  has  the  following  form: 

7rV 

EtE3  •  — r —  •  sin[27T  *  A /  •  i  -  A <ft\  (1) 

*7T 

where  Ey  and  E3  are  electric  field  strengths  in  the  first  and 
third  arm,  respectively,  Vm  and  /  are  the  peak  voltage  and 
frequency  of  the  microwave  signal,  Fy  -  F2  and  A <f>  = 
<Pi  -  <j> 3  are  the  difference  in  frequency  and  static  phase 
between  the  two  lasers  and  V„  is  the  half-wave  voltage  of 
the  phase  modulator.  By  tuning  the  two  lasers,  A /  can  be 
made  to  fall  in  the  IF  band  of  our  detection  setup.  The 
magnitude  of  the  photocurrent  generated  by  the  detector  is 
inversely  proportional  to  the  V„  of  the  modulator  at  the 
frequency  of  operation.  Since  it  depends  only  on  the  interaction 
between  the  phase-modulated  arm  and  the  heterodyne  arm,  this 
technique  can  be  used  equivalently  to  measure  the  frequency 
performance  of  phase  and  Mach-Zehnder  modulators. 

Light  from  a  diode-pumped  Nd:YAG  laser  (A  =  1310  nm) 
was  butt-coupled  to  the  optical  waveguide  endface  of  our 
modulator  using  a  single-mode  PM  fiber.  Light  for  the  local 
oscillator  was  derived  from  an  external-cavity  semiconductor 
diode  laser,  which  could  be  tuned  several  hundreds  of  giga¬ 
hertz  around  the  Nd:  YAG  laser.  Fine  tuning  of  the  difference 
frequency  was  achieved  by  precisely  adjusting  the  frequency 


V 


i  > 
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REF  -41.0  dBm  ATTEN  10  dB 


4  7726  GHz  SPAN  W0.00  MHz 

RES  BW  300  kHz  VBW  300  kHz  SWP  93  ms 

(b) 

u(a2  ?e!]era!ized  thematic  of  the  optical  heterodyne  setup  showing 
“e  and  l0cal  oscillator  configuration,  (b)  Modulation 
J1*? al  °f  the  API1  Phase  modulator  at  95  GHz  down-converted  to  an  IF  of 
4.//  GHz. 


of  the  NdrYAG  laser.  Both  beams  were  combined  using  a  2  x  2 
fiber  beam  splitter  and  made  incident  on  a  photodetector.  A 
50-mW  GUNN  diode  was  used  as  the  microwave  source  at 
95  GHz.  The  spectrum  analyzer  trace  of  the  downconverted 
signal  at  95  GHz  for  the  APII  integrated  phase  modulator  is 
shown  in  Fig.  4(b).  This  is  an  encouraging  result  for  a  phase 
modulator  that  has  a  V„  =  16  V,  that  corresponds  to  a  VK  of 
10.6  and  5.3  V  in  Mach-Zehnder  and  push-pull  configurations 
respectively. 

To  test  the  performance  of  the  APII  based  modulators  to 
40  GHz,  we  fabricated  a  set  of  Mach-Zehnder  devices  on 
silicon  substrates.  The  major  fabrication  steps  were  similar 
to  those  outlined  for  the  devices  on  Mylar  substrates.  For  an 
electrode-waveguide  interaction  length  of  1.7  cm,  the  V„  of 
these  devices  in  a  Mach-Zehnder  configuration  was  10  V.  In  a 
push-pull  configuration,  this  would  correspond  to  a  V*  =  5  V, 
which  makes  this  new  set  of  polymer  devices  acceptable  for 
commercial  applications.  Two  tunable  diode  pumped  Nd :  YAG 
lasers  at  1.319  jtm  were  used  as  sources  for  lower  frequency 
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optical  heterodyne  measurement  of  the  modulation  signal.  The 
initial  measurements  on  the  modulator  showed  considerable 
rolloff  over  the  0-40-GHz  band  of  operation  resulting  from 
losses  in  the  microstrip  line.  As  we  have  found  in  related 
polymer  structures,  the  can  be  made  almost  flat  over  this 
frequency  range  by  increasing  the  thickness  of  the  microstrip 
line. 

Traditionally,  it  has  been  accepted  that  the  main  advan¬ 
tage  of  polymer  modulators  over  LiNb03  modulators  is  their 
ultrahigh-theoretical  bandwidth.  This  results  from  the  poly¬ 
mers’  almost  perfect  velocity  match  that  allows  them  to 
be  configured  as  traveling-wave  devices  [8].  However,  the 
problem  of  the  limited  nonlinearities  in  polymer  materials 
has  so  far  kept  them  from  finding  widespread  use.  This  new 
generation  of  polymer  devices  have  shown  vast  improvement 
in  performance  over  DR19  [9]  and  can  compete  with  LiNb03 
devices  in  many  important  applications. 

In  conclusion,  APII,  a  new  polymer  material  with  high  non¬ 
linearity  and  low  optical  loss  has  been  synthesized  and  used 
to  fabricate  arrays  of  ultrahigh-frequency  phase  modulators 
with  integrated  finline  transitions.  These  modulators  have  been 
tested  at  95  GHz.  The  excellent  microwave  performance  of 
the  integrated  transition  signals  the  first  successful  efforts  in 
packaging  of  polymer  modulators  at  such  high  frequencies. 
Using  this  new  polymer,  Mach-Zehnder  modulators  have 
been  fabricated  and  shown  to  work  over  a  wide  frequency 
band.  Both  these  devices  have  shown  very  low  Vw  and 
have  the  ability  to  be  commercially  fabricated  and  packaged. 
Hence,  these  devices  have  widespread  potential  applications 
in  commercial  communication  and  military  systems. 
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Electro-optic  modulation  up  to  113  GHz  has  been  demonstrated  using  traveling  wave  polymer 

witttTexr  The.m0dulat,0n  ''gnaJ  was  dircctly  detected  at  1.3  using  a  laser  heterodyne^ystem 
with  an  external-cavity  tunable  semiconductor  laser.  The  device  optical  response  variation  as  a 

function  of  frequency  over  the  whole  IT  band,  was  within  3  dB.  A  well-matcheLplanar  probe  was 
used  to  launch  W  band  millimeter  wave  driving  power  into  the  microstrip  line  electrode  on  the 
device.  Based  upon  these  measurements,  high  speed  electrodes  with  in  tested  millimeter  wave 
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Polymer  materials  have  become  increasingly  important 
for  integrated  optics'  because  of  their  low  dispersion  and  fast 
electronic  response.  Decades  of  research2-5  on  nonlinear 
electro-optic  polymer  materials  have  made  it  possible  to 
make  high  frequency  photonic  switching  and  modulating 
devices.  Recently  our  group  demonstrated  frequency  re- 
sponse  of  an  electro-optic  polymer  modulator  up  to  60 
GHz,  and  measured  its  frequency-length  product  to  be  well 
above  100  GHz  cm."  However,  in  extending  these  measure¬ 
ments  beyond  60  GHz,  the  millimeter  wave  circuits  become 
more  complex,  and  electro-optical  phase  modulation  charac¬ 
terization  becomes  more  demanding.  In  this  letter,  we  report 
our  latest  high  frequency  measurement  results  over  the 
whole  W  band  (75-110  GHz)  and  up  to  113  GHz. 

The  device  being  tested  was  a  traveling  wave  polymer 
phase  modulator.12  The  optical  wave  propagates  along  a  ver¬ 
tically  stacked  optical  ridge  waveguide,  which  consists  of  a 
poled  PUR-DR  19  active  core  sandwiched  between  lower  and 
upper  claddings  made  of  Epoxylite  9653.  The  driving  milli¬ 
meter  wave  electric  field  propagates  along  the  microstrip  line 
on  top  of  the  upper  cladding  in  the  same  direction  as  the 
optical  wave.  Because  of  polymer’s  low  index  of  refraction 
and  low  dispersion,  we  were  able  to  use  a  straightforward 
traveling  wave  design  to  achieve  velocity  matching  between 
the  millimeter  and  optical  waves.  For  high  frequency  opera¬ 
tion,  the  main  problems  are  to  effectively  couple  the  milli¬ 
meter  wave  driving  power  into  the  microstrip  line  on  the 
device  and  to  reduce  the  microstrip  line  Ohmic  loss.  In  this 
demonstration  we  used  high  frequency  coplanar  probes  to 
drive  the  microstrip  line  electrode  on  the  device  in  well- 
matched  configurations  at  61  GHz,  and  from  74  to  113  GHz. 

A  dc  probe  tip  was  used  to  precisely  open  small  holes  on 
the  thin  polymer  dielectric  layer  at  both  sides  of  the  micros- 
tnP  llne  311(1  to  expose  the  ground  contact  regions.  The  dis¬ 
tance  between  the  coplanar  probe  tips  is  100  fim,  and  the 
dielectric  layer  is  only  10  fun  thick  so  the  three  probe  tips 
made  an  effective  contact  with  a  spring  loaded  contact 
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mechanism.  We  also  measured  the  contact  resistance  before 
doing  the  measurement.  To  reduce  the  microstrip  line  Ohmic 
loss,  we  improved  our  fabrication  process  by  changing  our 
gold-plating  recipe.  A  pulse/reverse  current  through  a  non- 
cyamde-based  solution  yielded  a  thicker  line  with  improved 
morphology,  reduced  electrode  resistance  and  Ohmic  loss 

We  used  an  optical  heterodyne  detection  system  to  char¬ 
acterize  our  device.  •  This  is  a  very  sensitive  method,  in¬ 
dependent  of  detector  response,  to  characterize  the  electro¬ 
optic  phase  modulation  at  high  frequencies.  As  the  detector 
is  illuminated  by  the  phase  modulated  light  mixed  with  a 
second  laser,  it  generates  a  photocurrent: 

ic«  \[iJl{J0(<f>'l)  cos(  A  att  +  A  <f>  j  (<£|  )sin[(  A  ai 

+n)f+A^]-/,(<£j)fsin[(A<o  — ft)r+A^]},  (i) 

where  /,  and  /2  are  the  intensities  of  the  lasers,  J0,  7,  are 
zeroth  and  first  order  Bessel  functions  of  the  first  kind,  <f>\  is 
the  phase  modulation  amplitude,  Ate  is  the  frequency  offset 
of  the  two  lasers,  and  Cl  is  the  millimeter  wave  modulation 
frequency.  The  last  term  in  Eq.  (1)  is  the  downconverted 
heterodyne  signal.  For  small  signal  operation 
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As  shown  in  Eq.  (1),  the  optical  heterodyne  technique  is  used 
to  downconvert  the  high  frequency  optical  phase  modulated 
signal  (~  100  GHz)  into  a  strong  low  frequency  electrical 
amplitude  modulated  signal  (~3  GHz)  requiring  only  a  low 
speed  photodetector.  Equation  (2)  indicates  that  the  hetero¬ 
dyne  signal  is  proportional  to  the  phase  modulation  ampli¬ 
tude. 

Figure  1  shows  the  high  frequency  electro-optic  phase 
modulator  characterization  setup.  A  1.319  ftm  laser  beam 
from  a  fine  tunable  Ligthwave  Electronics  122  YAG  laser 
was  coupled  into  the  end  of  a  single  mode  optical  fiber,  with 
the  other  end  of  the  fiber  cleaved.  This  cleaved  end  was 
brought  very  close  to  the  input  end  of  the  optical  waveguide 
of  the  device,  using  a  piezoelectric  translation  stage,  and  the 
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^riL^UT1rlTnXlyneuSe,UP  f°r  'V'band  cl~tro-opuc  modulator  char¬ 
ge  device  and  »  ^f?be  W3S  USed  *°  couPle  **•«  millimeter  wave  into 
extend  me'detecUo„e“j;V^^iCOndUC,0r  'U"‘ble  *> 

light  was  directly  butt  coupled  into  the  device.  The  modu- 
ated  light  output  was  then  collected  by  a  20X  microscope 

lO^mic  3nd  ^  T  3  Si"8le  m0de  fiber  ^ 

tcroscope  objective.  An  Environmental  Optical  Sen¬ 
sors  external-cavity  semiconductor  laser  at  1.3  urn  with  a 

~8THZ  WaS  USCd  f0r  second 
w**™  of  the  heterodyne  detection  system.  The  two  beams 
were  combined  through  a  2X  1  fiber  coupler,  rather  than  in 
ree  space,  to  reduce  optical  losses  and  to  increase  the  optical 
alignment  stab.hty.  Next,  the  combined  beams  were  fed  to  a 
crmiorucs  photodetector,  which  can  response  up  to  20  GHz 
^ie  output  of  the  detector  was  amplified  and  displayed  on  an 
HT  8592  spectrum  analyzer. 

At  first,  the  two  lasers  were  turned  on  and  an  HP  70950B 
optical  spectrum  analyzer  was  used  to  find  the  wavelengths 
of  die  two  lasers.  We  tuned  the  YAG  laser  frequency  to  toe 
middle  °f  its  range,  and  tuned  the  extemalovity  semicon¬ 
ductor  laser  so  that  the  laser  frequency  offset  Z  appj- 

fZuencT-^  ‘n  millimcter  wave  modulation 

r^H.  i  8  resolutlon  of  external -cavity  semi- 

mW  WhenT  "V*  ^  “*  itS  ^  was  «*  *>  05 
h^  Jhcn  ,the  m,lllmcter  wave  power  was  turned  on.  the 
heterodyne  signal  appeared  at  low  frequency  on  the  spectrum 
analyzer.  Fine  tuiung  of  the  YAG  laser  brought  thehetero- 
yne  signal  to  the  desired  preset  frequency.  When  we 

W3VC  -  - 
YA<?  l3Ser  fre<’uency  by  Ae  same  amount  so  that 
he  signal  on  the  spectrum  analyzer  was  always  at  the  same 
reading  to  ensure  a  simple  and  reliable  calibration.  When  the 

we  cor"8/  ?  I35*'’  rcachcd  its  maximum  tuning  range. 
exiendT  T  cxtcrnal^avity  semiconductor  laser  to 

laser  ^  measurement  range.  Unlike  the  YAG 

laser,  the  external-cavity  semiconductor  tunable  laser  was 

bout  100  MHz.  The  measurement  span  had  to  be  increased 

L^nm°?te  *  3  IargC  46(1  ^  "Oise  floor  was 

raised,  thereby  compromising  the  measured  signal-to-noise 

!£  u  T  h  USi"8  u**  Un,OCked  ,asCR5’  ^  signal  was  still 

new  device  ‘°  °PdCal  inSertion  loss  of  °ur 

W  hanZf  We  Started  t0  characterize  our  modulator  at 
W-band  frequencies,  we  tested  the  device  at  61  GHz  to  re- 
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oscillator.  0y  VY_band  backward  wave 


peat  our  previous  60  GHz  performance10  with  V-band  copla- 

Z  S°b  HUrg  ^band  COplanar  wc  tot  obseiVi 

die  IV-band  phase  modulation  from  the  polymer  modulator 
y  using  narrow  band  Gunn  oscillators,  which  were  rela¬ 
tively  low  noise  and  had  about  20  mW  output  power  at  94 

(BWOufrh  WC  USCd  SeVCral  backward  wavc  oscillators 
BWO)  as  the  microwave  source  to  systematically  character¬ 
ize  the  device  over  the  whole  IV  band,  and  a  typical  mea- 

ZTt*  “  "  $h0Wn  in  Fig‘  2‘  BWOs  were 

mW  ud  w  A°UtpUt  P°Wer  levcls  ^ging  fcmi  a  few 

W  UP  to  50  mW-  A  power  meter  and  a  frequency  counter 
were  used  to  closely  monitor  the  millimeter  wave  driving 
power.  After  normalization  for  the  millimeter  wave  driving 
power  the  device’s  optical  response  at  different  frequencies 
as  p  otted.  As  shown  in  Fig.  3,  from  74  to  113  GHz,  the 
d  e.s.  ®pbJcal  resPonse  was  characterized  every  1  GHz 
^d.C*Iub,tcd  a  maximum  variation  of  3  dB.  This  3  dB  in- 

Uc ?evTcerf  frCqUTCy  dCpendent  couPl'ng  efficiency. 
Sd  hv  ,h  frcqUenCy  characterization  range  was  only  Iim- 
•ted  by  the  commercial  probe  frequency  response  capability. 
Such  a  smooth  response  validated  our  predictions  that  the 

^,ymef  matcrials  work  extremely 

rio^tn^UCnC‘.oS-  50mbined  with  our  Previous  work 
th  t  fh  cnClcs’  ^  current  measurements  indicate 
that  these  devices  can  operate  effectively  over  the  entire 
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£  74  to  m/ GH^T  M '  reSp0"Se  CUfVe  °f  ‘he  P°‘^er  modulator 
i  OHz.  The  total  vanation  was  less  than  3  dB. 
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range  from  0  to  110  GHz.  Also,  on  the  high  frequency  plot 
no  resonant  appear,  indicating  ^ 

RW® matChed  t0  thc  nucrostrip  lines  on  the  devices 
to  d=r  k  Pr°[0type  t^em°nstrations1  we  wanted 
tJ*TZ  °rcfr0bUSt’  ,CSS  ««>y  devices  which  do  not 
wd TJ5  V"?  COmmerdal  rf  Prob«.  have  designed 

Sn  -  s?CtUreS  10  cffcct  d'e  monolithic  transi- 

tween  our  W-band  microwave  waveguide  sources  and 

Fri^T6  “"fig^ons  on  the  device.  As  shown  in 

fieW  nmfi|SUChHtT1S,tl0nS  graduaJly  transformed  the  electric 
field  profile  and  the  impedance  of  the  millimeter  wave  wave¬ 
guide  to  that  of  the  microstrip  fine  electrode.  Figure  4(b)  is 
STr?  W-band  S>'  of  our  test  circuit  for  X  moni 

fabricatcd  on  a  D“roid  5880  substrate,  and 
consisting  of  two  antipodal  fin-fine  transitions  and  a  4  cm 
long  microstrip  line.  cm 

In  addition  to  „„  offon  in  extending  oor  modulator-s 
frequency  rexpon*,.  h 


well  characterized  and  optimized  to  reduce  the  nmin,i  • 
don  loss.  Furthermore,  a  new  n^ered  “itSq^ 
make  an  optical  mode  match  between  optical  fiber  and  d<* 
vice  optical  waveguide  has  been  developed  so  that  our 
tical  insertion  losses  can  now  be  reduced  to  less  than  5  dB 
Integrauon  of  the  polymer  modulator  with  various  semicon 
°"  a  Singlc  chiP  has  been  studied  in 

aJr^V6  successfu,ly  fabricated  and  char- 
actenzed  the  d^tro^puc  polymer  modulators  up  to  113 

GHz.  Other  key  figures  of  merit  including  transmission  effi 
cency  have  also  been  improved.  These  devtS “at «' 
tremely  high  frequencies,  can  be  configured  with  integrated 
microwave  transitions,  and  can  be  easily  fabricaJK 
rays,  aving  both  parallel  and  series  configurations.  They 

~oC- ,"CXPensivc  alternative  to  conventional  de 
vices,  and  offer  exciting  new  application  areas. 
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Abstract  A  technique  has  been  developed  and  tested  for 
achieving  phase  conjugation  in  the  microwave  and  millimeter- 
wave  regime.  The  effective  nonlinearity  required  for  this  phase- 
conjugation  process  is  provided  by  electronic  mixing  elements 
feeding  an  array  of  antennas.  Using  these  balanced  mixing  cir¬ 
cuits  in  conjunction  with  a  one-dimensional  array  antenna  we 

JtTn  £"rHtraAted  r^rnsional  free-sPace  P^se  conjugation 
at  10.24  GHz.  A  critical  factor  of  this  technique  is  the  delivery 

of  a  2w  pump  signal  to  each  array  element  with  the  same  phase. 
I  wo  types  of  interconnects,  electrical  and  a  more  versatile  optical 
technique,  have  been  implemented  to  distribute  the  pump  signal 
in  our  demonstrations.  In  both  systems,  two-dimensional  free- 
space  phase  conjugation  was  observed  and  verified  by  directlv 
measuring  the  electric-field  amplitude  and  phase  distribution 
under  various  conditions.  The  electric-field  wavefronts  exhibited 
retro-directivity  and  the  auto-correction  characteristics  of  phase 
conjugation.  Furthermore,  these  experiments  have  shown  ampli¬ 
fied  conjugate-wave  power  up  to  ten  times  of  that  of  the  incoming 
wave.  This  amplifying  ability  demonstrates  the  potential  of  such 
arrays  to  be  used  in  novel  communications  applications. 

Index  Terms  Antenna  arrays,  microwave,  optical  interconnec- 
tion,  phase  conjugation. 


I.  Introduction 

THE  engineering  community  has  been  interested  in  dynam- 
ically  constructing  desired  wavefronts  of  electromagnetic 
(BM)  waves  for  many  years.  Consequently,  there  has  been 
a  significant  amount  of  theoretical  and  experimental  work 
on  this  subject.  The  development  of  such  techniques  in  the 
microwave  and  millimeter-wave  regime  has  concentrated  on 
phased-array  antennas.  The  idea  behind  these  phased  arrays 
is  fairly  simple:  by  controlling  the  amplitudes  and  phases  of 
discrete  antenna  elements,  any  wavefront  can  be  dynamically 
generated  or  detected.  In  the  past  decade,  researchers  have 
been  trying  to  realize  compact  phased-array  systems  with 
road-band  capabilities.  The  most  promising  concept  calls 
for  optically  controlled  designs  because  photonic  components 
are  small,  light,  broad-band,  and  relatively  immune  to  EM 
interference.  In  this  paper,  special  types  of  phased  arrays, 
which  incorporate  phase-conjugate  elements,  have  been  de¬ 
veloped  and  implemented.  These  phase-conjugation  arrays 
can  be  thought  of  as  automatically  configured  phased-array 
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systems,  which  are  capable  of  directing  their  outgoing  signals 
back  to  the  illuminating  sources.  We  have  demonstrated  two- 
dimensional  free-space  phase  conjugation  at  10.24  GHz  using 
both  conventional  microwave  and  novel  photonic  designs. 

Phase  conjugation,  in  general,  utilizes  the  nonlinear  sus¬ 
ceptibility  of  a  medium  to  reverse  the  phase  factor  of  an 
incoming  wave.  A  phase-conjugate  wave  propagates  back¬ 
ward  and  has  the  same  wavefronts  as  those  of  the  incoming 
wave,  as  shown  in  Fig.  1  [1],  [2],  This  unique  property  of 
phase-conjugate  waves  is  useful  in  many  novel  applications 
including  automatic  pointing  and  tracking  [3],  phase  aberration 
correction  [4],  and  phase-conjugate  resonators  [5],  To  further 
reveal  phase-conjugation  properties,  let  us  consider  an  EM 

wave  propagating  along  the  positive  ^-direction.  Its  electric 
field  can  be  written  as 


E  =  +  cc.  (1) 

where  w  is  the  angular  frequency  and  k  is  the  wavenumber 
of  the  EM  wave.  The  amplitude  A  and  the  phase  <p  are 
real  functions  of  position  r.  Normally,  A  is  a  slow-varying 
function  of  z  compared  with  tjlereforej  ^ 

wave  propagation  can  be  understood  in  terms  of  the  motion  of 
wavefronts,  which  are  three-dimensional  surfaces  defined  by 

kz  +  (f>(  r)  =  constant.  (2) 

The  phase-conjugate  wave  of  (1)  is  defined  as 

E c  =  A(r)cil“'+b+'»<r)]  +  c.c.  (3) 

Comparing  (1)  and  (3),  it  is  shown  that  the  two  waves  have 
the  same  wavefronts  at  any  point  in  space,  but  they  travel  in 
opposite  directions.  Also  notice  that  the  conjugate  wave  can 
be  obtained  by  a  time-reversal  t  -+  -t  transformation  or  by 
taking  the  complex  conjugate  only  of  the  spatial  part  of  the 
electric  field. 

To  appreciate  the  properties  of  phase  conjugation,  let 
us  consider  a  plane  wave  propagating  through  a  distorting 
medium.  Due  to  the  nonuniform  distribution  of  refractive 
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index  n(r),  the  incident  wavefronts  are  no  longer  planar 
after  passing  through  the  distorting  medium.  Equations 
(1)  and  (3)  have  shown  that  the  conjugate  wave  has  the 
same  wavefronts  as  those  of  the  incident  wave.  It  can 
be  proven  the  phase-conjugate  wave  satisfies  Maxwell’s 
equations,  therefore,  it  propagates  backward  as  the  time- 
reversed  incident  wave  through  both  space  and  the  distorting 
medium  and,  consequently,  the  distortion  is  automatically 
removed  [2].  Another  important  feature  of  phase  conjugation 
is  that  we  only  need  to  generate  the  conjugate  field  Ec  on 
one  plane,  this  field  will  propagate  backward  and  remain 
the  phase-conjugate  field  of  E  everywhere  [2].  This  enables 
the  possibility  of  accomplishing  microwave  and  millimeter- 
wave  phase  conjugation  using  electronic-mixing  phased-array 
antennas  system. 

To  date,  most  of  the  phase-conjugation  development  has 
been  concentrated  in  the  optical  [visible  and  infrared  (IR)] 
regime.  Efforts  to  extend  this  technique  to  microwave  and 
millimeter-wave  frequencies  have  encountered  severe  difficul¬ 
ties  due  to  the  small  nonlinearity  of  natural  materials  and  the 
low-power  density  of  sources  at  these  frequencies.  To  examine 
this  problem,  let  us  consider  the  phase-conjugation  efficiency 
of  degenerate  four-wave  mixing  (DFWM)  [2]  techniques.  Ap¬ 
plying  nominal  parameters,  this  efficiency  is  lowered  by  about 
16  orders  of  magnitude  as  one  tries  to  extend  optical  DFWM 
techniques  into  microwave  and  millimeter-wave  regime  [6]. 
This  drastic  efficiency  loss  presents  severe  difficulties  for 
microwave  and  millimeter- wave  phase  conjugation. 

One  possible  solution  for  the  above-mentioned  efficiency 
problem  is  to  increase  the  nonlinear  susceptibility  by  many  or¬ 
ders  of  magnitude.  In  the  search  for  alternative  nonlinear  sub¬ 
stances  suitable  for  the  use  in  microwave  and  millimeter-wave 
phase  conjugation,  artificial  Kerr  media  were  found  to  have 
much  larger  nonlinearity  than  that  of  natural  materials.  Using 
shaped  microparticle  suspensions  [7]  and  microelectrome¬ 
chanical  system  (MEMS)  structures  [8],  [9],  volume  grating 
formation  for  microwave  phase  conjugation  has  been  demon¬ 
strated  with  DFWM  techniques.  Although  these  artificial  Ken- 
media  have  demonstrated  as  high  as  10“4  cm  •  s2/g  [6], 
they  have  a  number  of  intrinsic  problems.  Due  to  the  re¬ 
quired  movements  of  macroscopic  particles  in  viscous  fluid  or 
polyimide  supported  metal  beams  in  air,  these  media  suffer 
from  slow  response  time  and  are  sensitive  to  surrounding 
conditions.  Therefore,  these  techniques  are  not  suitable  for 
practical  systems  and  applications. 


II.  Antenna-Array  Approach 

Due  to  the  above-mentioned  difficulties  in  achieving  mi¬ 
crowave  phase  conjugation  using  traditional  DFWM  tech¬ 
niques,  this  paper  approaches  the  problem  from  a  very  different 
Pe(3?eC**Ve  *nsteac*  using  third-order  nonlinear  dipoles 
(*  3  )>  as  in  DFWM,  electronic-mixing  phased  arrays  are  used 
in  a  second-order  three-wave  mixing  configuration  to  provide 
a  high  artificial  nonlinearity  for  generating  phase-conjugate 
waves.  In  this  approach,  microwave  circuits,  which  combine 
antennas  and  mixers,  effectively  replace  the  roles  of  nonlinear 
dipoles  of  a  medium.  The  idea  is  to  “sample”  the  incident 


Fig.  2.  First,  the  incident  wavefront  is  sampled  at  different  positions.  Each 
element  then  generates  a  phase-conjugate  current  using  microwave  circuitry. 
This  current  will  excite  a  phase-conjugate  field  at  the  sampling  point.  The 
superposition  of  these  fields  becomes  the  phase-conjugate  wave. 


wave  at  different  positions  of  the  wavefront  using  antenna 
elements  and  then  generate  phase-conjugate  currents  using 
microwave  mixers.  These  currents  will  then  excite  a  phase- 
conjugate  field  at  each  sampling  point.  The  combined  field 
of  all  the  elements  will  be  the  phase-conjugate  field  of  the 
incident  beam.  This  sample-then-mix  concept  is  shown  in 
Fig.  2.  It  was  first  proposed  in  the  1960’s,  but  due  to  the  lack  of 
modem  semiconductor  and  photonic  technologies,  researchers 
did  not  have  practical  ways  to  realize  this  concept  [10],  [11], 
To  understand  how  the  conjugate  signal  can  be  generated  at 
each  element  using  microwave  circuitry,  let  us  consider  again 
the  incident  wave  shown  in  (1).  At  the  jth  element  of  the 
array,  the  incoming  electric  field  is 

E  =  +  c.c.  (4) 

where 

<Pj  =  kzj  +  v(r}).  (5) 

The  signal  picked  up  by  the  antenna  and  then  sent  to  the 
mixer  can  be  written  as 

vn  ex  +  C.c.  (6) 

Now  consider  a  2ui  signal  delivered  to  the  local  oscillator 
(LO)  port  of  the  mixer  given  by 

Vj2  =  Ce2iut  +  c.c.  (7) 

This  2 ui  pump  signal  has  to  be  delivered  to  all  elements  at  the 
same  amplitude  and  phase;  otherwise,  the  mixed  output  will 
contain  a  term  other  than  Vjt  that  depends  on  j.  If  this  ever 
happens,  the  sum  of  the  excited  field  at  each  element  will  be 
distorted  and  will  not  form  the  conjugate  beam.  Now,  through 
different  frequency  generation  in  the  mixer,  the  intermediate 
frequency  (IF)  output  contains  a  current  component 

Ic  cx  e2lwt  x  =  e*("t+v>j)_ 


(8) 
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This  current  component  has  the  conjugate-phase  +<pj  instead 
of  the  input  phase  -ipj}  therefore,  it  will  excite  the  conjugate 
field  at  Tj  when  delivered  to  the  antenna 

Ec, (rj)  oc  Afaje^+w)  +  c.c.  (9) 

fMriV^6 ,Sampling  sPac'n8  is  less  than  A/2,  the  combined 
field  Ec(r)  =  E,ECj(r)  forms  the  phase-conjugate  signal 
on  the  sampling  surface.  It  has  been  discussed  earlier  that  if  a 
phase-conjugate  field  is  generated  on  a  plane,  it  will  propagate 
backward  and  be  conjugate  to  the  incident  beam  everywhere. 
Therefore,  Ec(r)  is  the  desired  phase-conjugate  field.  In  the 
past  three  years,  various  groups  have  explored  retro-directive 
phased  arrays  utilizing  this  concept  [12],  [13].  These  studies 
have  concentrated  on  the  retro-directive  property  of  phase 
conjugation.  In  this  paper,  we  focus  on  wavefront  properties 
and  reconstruction,  and  also  investigate  optical  interconnection 
or  the  2u)  pump  signal  so  that  large  phase-conjugation  arrays 
can  be  constructed  with  less  complexity. 

There  is  an  important  issue  we  have  to  address  here.  Unlike 
any  of  the  traditional  phase-conjugation  techniques,  which 
utilize  virtually  infinite  dipoles  as  far  as  our  concern,  this  array 
approach  can  only  have  a  limited  number  of  elements  because 
of  economic  and  engineering  constraints.  To  clarify  the  effects 
caused  by  a  finite  number  of  elements,  the  phase-conjugate 
wave  of  a  dipole  source  has  been  calculated  for  three  phase- 
conjugate  arrays  having  different  number  of  elements.  The 
first  array  was  formed  by  eight  elements,  the  second  one  by  40 
elements,  and  the  third  one  by  200  elements.  For  the  eight-  and 

,  K  taa7’ 1116  spacing  between  elements  was  chosen 
to  be  0.467A.  The  200-element  array  had  a  spacing  of  0.093A 

which  was  one-fifth  of  that  of  the  40-element  airay.  Therefore’ 
the  40-element  array  had  five  times  the  aperture  size  of  the 
eight-element  one,  with  the  same  sampling  density.  The  200- 
element  array  had  the  same  aperture  size  as  the  40-element 
one,  but  with  five  times  the  sampling  density.  The  antenna 
elements  were  assumed  to  have  dipole  radiation  patterns  and 
colhnear  axes. 

In  the  calculation,  the  center  of  each  array  was  used  as 
the  origin.  The  wavelength  was  assumed  to  be  3  cm  which 
corresponds  to  10  GHz  in  frequency.  Fig.  3  shows  the  con¬ 
jugate  electric-field  magnitude  distribution  generated  by  the 
eight-element  array  at  a  given  time.  It  clearly  exhibits  retro- 
directivity,  but  does  not  show  the  conjugate  beam  focusing 
back  to  the  source.  This  is  caused  by  the  diffraction  effects  of  a 
small  aperture  size.  The  conjugate  electric-field  distribution  of  f 
the  40-element  array  is  shown  in  Fig.  4.  It  demonstrates  fairly  g 
well  wavefront  reconstruction,  as  well  as  retro-directivity  and  ri 
ocusing  can  be  clearly  seen.  The  calculated  conjugate  field 
distribution  of  the  200-element  array  displays  no  perceivable  v 
improvement  over  the  40-element  one.  Therefore,  a  sampling  n 
spacing  slightly  less  than  A/2  is  acceptable  for  most  cases  If  c 
the  spacing  is  greater  than  A/2,  grating  sidelobes  can  develop  ri 
and,  therefore,  destroy  the  conjugate  wavefront  patterns.  11 
From  these  comparisons,  we  have  seen  the  main  factor  n 
determining  that  the  resolution  is  not  the  sampling  density 
(as  ong  as  it  is  greater  than  2/ A),  but  the  aperture  size.  If  we 
require  the  phase  conjugator  to  have  a  high  resolving  power 
equally  spaced  arrays  with  <  A/2  spacing,  like  the  examples,  el 


rrLs'hJbC  Ca'^la,tCd  COnJugate  elec*r>c-field  magnitude  distribution  gen- 
y  an  eight-element  array.  Brighter  areas  represent  higher  field  The 
eminent  spacing  is  0.467A  and  a  dipole  source  is  located  at  (57.9  cm  15  6 

rnnfi  ™  U  by  ,hea[T0W  0n,y  retro-directivity  is  observable  in  this 
configuration  because  of  diffraction  effects. 


generated^bv  «>njugate  etectric-field  magnitude  distribution 

generated  by  a  40-element  array.  The  element  spacing  is  0  467A  Both 
retro-directivity  and  focusing  can  be  clearly  observed  at  this  ape^re  size 


will  not  be  practical,  as  the  number  of  elements  will  be  astro- 
nomical.  For  example,  a  resolving  power  of  10“5-10“4  rad 
could  require  4  x  108  to  4  x  1010  elements.  However,  using 
randomly  distributed  elements  over  the  aperture  to  prevent 
he  development  of  grating  lobes  can  dramatically  reduce  the 
number  of  elements  required  in  a  sparse  array  [14]. 

III.  Electrical-Interconnection  Experiments 

The  concepts  of  microwave  phase  conjugation  using 
electronic-mixing  antenna  arrays  have  been  discussed  in 
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Section  II.  To  prove  the  feasibility  of  this  approach,  we  have 
built  an  array  of  eight  phase-conjugate  elements  to  demonstrate 
the  generation  of  phase-conjugate  waves.  The  equipment  and 
devices  available  to  us  limited  the  number  of  elements  used  in 
this  demonstration.  Although  an  eight-element  array  would  not 
be  able  to  focus  a  diverging  incident  beam  back  to  its  source 
due  to  diffraction  limitations  (as  calculated  in  Section  II), 
it  should  exhibit  retro-directivity  and  can  demonstrate  phase 
autocorrection  when  a  distortion  medium  is  introduced  into  the 
beam  path.  These  two  key  characteristics  of  phase  conjugation 
are  strong  evidences  of  the  feasibility  of  this  technique. 

Since  microwave  components  have  relatively  large  loss, 
size,  and  weight,  and  are  more  susceptible  to  EM  interference! 
we  find  that  optical  interconnection  is  the  crucial  technol¬ 
ogy  for  constructing  large  microwave  phase-conjugate  arrays. 
However,  for  an  eight-element  demonstration  array,  it  is  still 
feasible  to  build  a  system  using  straightforward  microwave 
interconnects.  Therefore,  in  this  section,  we  will  first  discuss 
the  construction  and  measurements  of  an  electrically  inter¬ 
connected  phase-conjugate  array.  Its  optically  interconnected 
counterpart  will  be  considered  in  Section  IV. 

As  mentioned  in  Section  II,  each  element  of  a  phase- 
conjugate  array  will  excite  the  conjugate  field  at  its  sampling 
position  via  difference  frequency  generation.  In  an  ideal  el¬ 
ementary  configuration,  the  sampled  signal  goes  through  a 
circulator  into  a  low-noise  amplifier.  This  amplifier  provides 
compensation  to  the  conversion  loss  of  the  mixing  process  in 
the  next  step.  It  can  also  provide  gain  so  that  the  conjugate 
signal  is  more  intense  than  the  input  one.  After  mixing  with 
the  2 ui  pump  signal  in  a  mixer,  the  output  IF  signal  has  the 
conjugate  phase  and  it  is  sent  back  to  the  sampling  antenna 
through  the  circulator.  In  this  configuration,  the  antenna  has 
to  be  very  efficient.  The  reason  is  that  any  reflection  of 
the  conjugate  signal  from  the  antenna  will  go  through  the 
circulator,  as  it  were  the  sampled  incident  signal.  This  will 
affect  the  phase  of  the  output  signal  and,  thus,  destroy  the 
conjugate-phase  generation.  If  the  reflection  is  large  enough, 
the  circuit  will  even  start  oscillating  by  itself.  To  study  this 
more  closely,  let  us  assume  the  return  loss  of  the  antenna 
is  i?,  gain  of  the  amplifier  is  G  and  conversion  loss  of  the 
mixer  is  C.  R,  G,  and  C  are  complex  output  to  input  voltage 
ratios  to  include  the  phase  change  at  each  stage.  The  circulator 
and  mixer  are  assumed  to  be  perfect,  no  unwanted  signal 
leakage  between  their  ports.  In  order  to  generate  the  phase- 
conjugate  wave,  we  require  that  the  reflected  conjugate  signal 
be  much  smaller  than  the  sampled  signal.  This  requirement 
can  be  written  as 

G-C-R4Z 1  (10) 

and  when  G  ■  C  ■  R  =  1,  the  system  starts  to  oscillate. 

Commercial  mixers  normally  have  a  conversion  loss  around 
10  dB,  which  corresponds  to  \C\  =  0.32.  With  a  specially 
designed  narrow-band  antenna  array,  a  30-dB  return  loss  can 
be  achieved.  This  corresponds  to  |ii|  =  0.032.  Equation 
(10)  gives  us  |G|  «  100.  If  we  choose  |G|  =  10,  the 
phase-conjugate  signal  will  be  ten  times  more  powerful  than 
the  incident  signal.  Unfortunately,  the  antenna  array  avail¬ 
able  to  us  had  a  return  loss  of  about  7  dB  at  the  desired 


Fig.  5.  The  configuration  of  a  phase-conjugate  element  used  in  this  paper. 
The  transmit  and  receive  antennas  are  separated.  A  bandpass  filter,  phase 
adjustment,  and  amplitude  adjustment  are  added  to  the  circuit 


10.24  GHz,  which  corresponded  to  |jR|  =  0.45.  This  high 
reflection  was  a  direct  consequence  of  the  wide-band  design 
of  the  antenna  array.  Applying  (10),  we  obtained  |G|  «  7. 
Basically,  this  means  there  could  be  no  gain  in  this  phase- 
conjugate  element.  Therefore,  we  somehow  needed  to  reduce 
the  antenna  reflection. 

Since  we  planned  to  demonstrate  a  two-dimensional  free- 
space  phase  conjugation  using  a  one-dimensional  electronic- 
mixing  antenna  array,  instead  of  designing  new  antennas,  we 
had  chosen  to  separate  the  transmit  and  receive  antennas.  This 
means  the  sampling  of  the  incident  field  and  the  excitation  of 
the  conjugate  field  happened  at  the  same  (x,  y)  coordinates, 
but  at  a  slightly  different  vertical  ^-coordinate.  This  small 
shift  in  the  2-direction  would  only  disturb  the  electric-field 
distribution  on  the  2  =  0  plane  to  a  negligible  level. 

The  modified  elementary  configuration  used  in  this  paper 
is  shown  in  Fig.  5.  An  amplitude  adjustment  and  a  phase 
adjustment  had  been  added  to  the  configuration  to  compensate 
for  any  differences  between  the  phase-conjugate  elements 
because  the  amplifiers  and  mixers  were  not  matched.  By 
displaying  and  comparing  the  output  signal  of  each  element 
to  a  reference  signal  using  a  computer-controlled  digital  sam¬ 
pling  oscilloscope  (DSO),  the  phase  and  amplitude  of  each 
element  could  be  measured  and  adjusted.  The  amplitudes  of 
all  phase-conjugate  elements  were  first  matched  with  different 
attenuators  to  within  ±2%.  The  phases  were  then  matched  to 
within  ±0.2  ps  (0.2%)  by  adjusting  the  variable  delay  line  of 
each  element. 

The  mixer  is  the  key  component  of  the  phase-conjugate 
element.  It  provides  the  nonlinearity  for  generating  phase- 
conjugate  waves.  In  this  study,  MY50C  triple-balanced  mixers 
from  Watkins-Johnson  were  used.  The  conversion  loss  of 
these  mixers  at  10.24-GHz  input  and  output  signals  with  a 
20.48-GHz  pump  (LO)  signal  is  around  10  dB.  The  leakage 
from  the  input  (RF)  to  the  output  port  (IF)  of  the  mixer  is  about 
-20  dB.  Therefore,  the  unwanted  10.24-GHz  input  leakage  is 
10  dB  smaller  than  the  desired  phase-conjugate  output  signal. 
This  can  be  further  reduced  by  designing  mixers  for  the  desired 
frequency  or  by  using  a  two-stage  mixing  technique.  In  a  two- 
stage  mixing  element,  the  undesired  incoming  frequency  can 
be  filtered  out  by  a  bandpass  filter  after  the  first-stage  mixing. 
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Fig.  6.  This  setup  is  used  to  map  out  two-dimensional  electric-field  mag¬ 
nitude  distribution.  The  receive  hom  is  at  a  lower  height  than  the  transmit 
horns  to  prevent  blocking  of  the  incident  beams.  It  can  be  moved  to  different 
positions  to  measure  the  electric-field  strength. 


This  filtered  signal  can  then  be  mixed  in  the  second  stage  to 
produce  the  final  conjugate  signal.  Again,  a  second  bandpass 
filter  can  filter  out  any  undesired  leakage  signals.  This  four- 
wave  mixing  technique  can  achieve  higher  isolation  between 
the  incoming  signal  and  the  conjugate  signal  at  the  cost  of  an 
additional  pump  source  for  each  element.  The  details  of  this 
technique  will  be  explained  later. 

To  demonstrate  microwave  phase  conjugation  using  the 
eight-element  electronic  mixing  array,  we  prepared  an  electric- 
field  mapping  setup  in  an  anechoic  chamber,  shown  in  Fig.  6. 
As  mentioned  earlier,  the  transmit  and  receive  antennas  of 
the  conjugator  were  separated  in  the  ^-direction  (height)  by 
1.4  cm.  One  or  two  transmit  horns  were  used  as  illuminating 
sources.  Both  transmit  horns  were  60  cm  from  the  conjugator. 
This  distance  was  chosen  because  of  the  sizes  of  the  chamber 
and  conjugator.  The  receive  hom  was  mounted  on  a  translation 
stage  for  radial  movement.  Its  distance  to  the  conjugator  ( p ) 
was  varied  at  0.5  cm  intervals  from  p  =  45  cm  to  p  =  55 
cm.  The  translation  stage  itself  was  mounted  on  a  stepping 
motor  stage  for  angular  control.  A  computer  controlled  the 
rotation  stage  at  1°  intervals  from  <t>  =  —30°  to  <j>  —  30°. 
The  signal  detected  by  the  receive  hom  was  proportional  to 
the  electric  field  at  that  point  and  was  amplified  and  then 
displayed  on  a  DSO.  By  comparing  the  received  signal  to 
a  reference  signal  using  a  computer,  the  amplitude  and  phase 
of  the  electric  field  at  the  receiving  hom  position  could  be 
accurately  measured. 

In  the  first  set  of  measurements,  only  one  transmit  hom 
was  used  as  the  source.  It  was  placed  at  <j>  =  15°.  This  angle 
was  chosen  for  convenience,  it  could  be  varied  between  —30° 
to  30°.  The  conjugate  electric-field  distribution  is  shown  in 
Figs.  7  and  8,  labeled  as  “without  distortion.”  In  the  contour 
plot  of  Fig.  7,  gray  scale  is  used  to  represent  the  magnitude  of 
the  electric  field.  The  black  dot  next  to  the  plot  is  the  source 
location.  The  phase-conjugate  array  is  located  on  the  left  of 
each  plot  and  the  tick  mark  labels  are  in  centimeters.  The 
wavefronts  of  the  conjugate  wave  can  be  seen  clearly,  and  are 
traveling  from  left  to  right.  Although  the  focusing  effect  cannot 
be  observed  because  of  the  diffraction  limits,  retro-directivity 
is  certainly  demonstrated.  In  the  surface  plot  of  Fig.  8,  the 
electric-field  magnitude  is  represented  by  the  height  at  a  given 


Without  Distortion  With  Distortion 


Fig.  7.  The  contour  plots  of  the  measured  phase-conjugate  electric  field  of 
a  source  at  +15°,  as  marked  by  the  black  dots.  The  high-contrast  areas 
represent  the  conjugate  beams,  and  the  faint  fringes  are  due  to  leakage.  They 
demonstrate  retro-directivity  and  automatic  phase  correction  when  a  distorting 
medium  is  inserted  in  front  of  the  conjugator. 


point.  The  white  dot  on  the  zeroth-field  plane  marks  the  source 
position.  The  smaller  bumps  in  this  figure  were  caused  mainly 
by  the  amplified  incident  signals  leaking  through  the  mixers. 
This  amplitude  of  the  electric  field  was  about  one-third  to  one- 
fourth  of  that  of  the  conjugate  beam.  This  means  the  leakage 
power  was  about  - 1 0  dB  of  the  conjugate  power,  as  mentioned 
earlier  in  this  section. 

Our  next  step  was  to  demonstrate  automatic  phase  correc¬ 
tion.  This  was  achieved  by  inserting  a  distorting  medium  in 
front  of  the  phase  conjugator.  We  used  a  piece  of  Plexiglas  as 
the  distorting  medium.  The  conjugate  electric  field  is  shown 
in  Figs.  7  and  8,  labeled  as  “with  distortion.”  By  comparing 
the  fringes  of  the  two  plots  in  Fig.  7,  the  wavefronts  of  the 
conjugate  beam  remained  the  same  shape  and  phase  with  or 
without  the  distortion,  as  the  theory  predicted.  The  leakage 
wavefronts  were  distorted  when  the  distorting  medium  was 
present.  In  Fig.  8,  the  leakage  bumps  were  again  destroyed 
by  the  distortion,  while  the  phase-conjugate  beam  maintained 
its  phase  and  amplitude.  These  results  unambiguously  demon¬ 
strate  the  retro-directivity  and  automatic  phase  correction 
ability  of  this  microwave  phase  conjugation. 

In  order  to  reveal  the  automatic  phase  correction  more 
quantitatively,  the  receive  hom  was  placed  in  the  conjugate 
beam  at  55  cm  from  the  conjugator.  The  electric  field  versus 
time  was  recorded  and  then  compared  with  and  without  the 
distortion.  The  phase  difference  in  time  was  less  than  1  ps 
for  a  distorting  medium  capable  of  25-ps  one-way  delay.  To 
further  demonstratethat  the  phase-conjugate  beam  does  carry 
a  negative  incident  phase,  we  moved  the  distorting  medium 
to  cover  the  source  only.  Therefore,  only  the  incident  beam 
went  through  the  distortion.  The  electric-field  distribution  is 
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shown  in  Fig.  9,  labeled  as  “with  distortion.”  Due  to  the 
existence  of  the  distorting  medium,  the  phase  of  the  incident 
beam  was  retarded  by  A <p.  If  this  signal  was  leakage,  it 
would  carry  the  same  phase  retardation  A<p.  However,  if 
the  incident  beam  was  phase-conjugated  by  the  conjugator, 
the  phase  of  the  conjugate  beam  would  be  -A <p,  which 
means  its  phase  was  advanced  by  A <p.  This  theory  is  shown 
in  Fig.  9  as  the  conjugate  wavefronts  moved  toward  the 
source  (advanced  phase),  while  the  leakage  wavefronts  moved 


toward  the  conjugator  (retarded  phase).  Also  noticeable  in 
Fig.  9,  the  leakage  beam  was  deflected  away  from  the  center 
because  of  the  distortion.  This  shows  the  Plexiglas  did  act 
as  an  effective  distorting  material  and  further  confirms  the 
previous  experiments. 

IV.  Optical-Interconnection  Experiments 

As  mentioned  earlier,  electrical  interconnection  will  not  be 
able  to  handle  a  large  two-dimensional  phase-conjugate  array 
for  complete  three-dimensional  wavefront  reconstruction.  The 
problems  in  the  electrical  scheme  are  due  to  the  high  loss, 
heavy  weight,  and  large  size  of  microwave  and  millimeter- 
wave  components.  It  is  also  more  susceptible  to  EM  interfer¬ 
ence.  In  contrast,  using  optical  interconnection,  the  2w  pump 
signal  can  be  delivered  to  all  elements  with  very  little  loss 
(~0.3  dB/Km)  at  very  high  density  (e.g„  1  element/millimeter 
for  millimeter-wave  arrays).  Therefore,  in  this  paper,  we 
propose  and  demonstrate  the  optical-interconnection  technique 
to  address  these  electrical-interconnection  problems. 

In  this  optical-interconnection  scheme,  the  eight  phase- 
conjugate  elements  were  the  same  as  in  the  electrical  con¬ 
figuration  shown  in  Fig.  5.  A  Lightwave  122  diode-pumped 
Nd:YAG  laser  was  used  as  the  light  source.  The  optical 
wavelength  was  at  1319  nm,  with  a  linewidth  <5  KHz.  This 
wavelength  was  chosen  to  minimize  the  dispersion  in  optical 
fiber  systems.  In  our  demonstration,  it  was  not  an  important 
issue  because  of  the  relatively  short  propagation  distances. 
However,  to  be  able  to  extend  this  technique  into  large  arrays 
and/or  millimeter-wave  frequencies,  minimized  dispersion  will 
be  a  crucial  factor. 

The  laser  light  was  directed  into  a  Mach-Zehnder  opti¬ 
cal  modulator  using  a  polarization  preservation  fiber.  The 
modulator  was  biased  at  its  transfer  function  halfway  point 
for  optimal  linear  modulation.  The  10.24-GHz  signal  was 
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frequency-doubled  to  20.48  GHz,  amplified,  and  then  used  to 
modulate  the  laser  light.  A  more  interesting  way  to  modulate 
the  light  at  2u>  is  to  bias  the  modulator  at  its  transfer  function 
minimum  and  apply  an  w  signal  to  its  RF  electrode.  Due  to 
the  nonlinearity  of  the  transfer  function  at  the  minimum,  the 
optical  power  varies  at  2a;  as  desired.  The  advantage  of  this 
technique  is  that  no  microwave  frequency-doubler  is  required. 
The  disadvantage  is  that  it  is  very  sensitive  to  the  bias  of 
the  transfer  function.  Even  small  fluctuations  will  result  in 
loss  of  modulation  efficiency  and  unwanted  linear  modulation. 
Therefore,  the  bias  point  has  to  be  monitored  closely  by  a 
feedback  loop. 

This  2a;  modulated  light  can  now  be  delivered  to 
photodetector-attached  phase-conjugate  elements,  which  may 
be  far  away  for  a  large  array  or  close  together  for  high 
operating  frequencies.  In  this  paper,  this  20.48-GHz  modulated 
light  entered  an  1  x  8  optical  power  splitter  and  split  into  eight 
equal-intensity  equal-phase  signals.  The  20.48-GHz  pump 
signal  was  then  extracted  by  a  p-i-n  diode  at  each  element. 
This  pump  signal  was  amplified  to  a  power  level  of  9  dBm,  and 
then  fed  to  the  phase-conjugate  element,  as  in  the  electrically 
interconnected  system. 

Using  the  experimental  setups  and  procedures  mentioned 
earlier,  the  output  amplitudes  of  these  eight  elements  were 
matched  to  within  ±6%  and  their  phases  were  matched  to 
within  ±0.2  ps  (0.2%).  After  this  calibration,  we  were  able 
to  demonstrate  two-dimensional  microwave  phase  conjugation 
using  the  optically  interconnected  electronic-mixing  array.  All 
the  tests  performed  in  the  electrical  demonstration  have  been 
successfully  duplicated. 

To  demonstrate  phase  conjugation  with  more  complicated 
wavefronts,  we  used  two  sources  locate  at  15°  and  -20°, 
both  were  60  cm  from  the  conjugator.  Due  to  the  interference 
between  the  two  sources,  the  combined  incident  wavefronts 
represented  a  good  example  of  complicated  wavefronts.  The 
results  are  shown  in  Fig.  10,  labeled  as  “without  distortion.” 
They  exhibit  multiple-source  retro-directivity  with  both  con¬ 
jugate  beams  shifted  ~3°  toward  the  negative  angles.  This 
was  caused  by  the  interference  between  the  leakage  of  one 
source  and  the  conjugate  beam  of  the  other.  To  prove  this 
point,  the  following  test  was  performed.  First,  the  horn  at 
—20  was  disconnected  from  the  source  and  the  conjugate 
field  of  the  +15°  horn  was  recorded.  Then  the  horn  at  ±15° 
was  disconnected  and  the  field  of  -20°  was  measured.  In 
both  cases,  retro-directivity  was  shown  without  the  angular 
shift.  A  computer  then  added  up  the  two  single-source  electric 
fields.  The  calculated  sum  field  showed  the  same  angular 
shift  and  was  almost  identical  to  the  measured  two-source 
electric  field.  Therefore,  the  interference  from  the  leakages 
was  causing  this  problem  and  can  be  solved  by  using  two-stage 
mixing  to  avoid  leakage.  In  order  to  verify  the  phase-correction 
ability,  a  distorting  medium  was  inserted  in  front  of  the 
conjugator.  The  conjugate  electric-field  distribution  is  shown 
in  Fig.  10,  labeled  as  with  distortion.”  By  comparing  the  two 
plots  in  Fig.  10,  the  automatic  phase-correction  effect  can  be 
confirmed.  It  can  also  be  noticed  that  the  small  angular  shift 
disappeared  when  the  distortion  was  present.  This  is  because 
the  existence  of  the  distorting  medium  destroyed  the  leakage 


Without  Distortion  With  Distortion 


Fig.  j0.  The  phase-conjugate  electric-field  distribution  of  two  sources  at 
+  15°  and  -20°,  obtained  using  an  optically  interconnected  phase-conjugate 
array.  These  plots  demonstrate  multiple-source  retro-directivity  and  automatic 
phase  correction  when  a  distorting  medium  is  inserted  in  front  of  the 
conjugator. 


signal  while  maintaining  the  conjugate  signal,  as  shown  in 
previous  experiments. 

To  test  that  a  phase  conjugator  can  transmit  information 
back  to  the  source,  we  A.M.  modulated  the  20.48-GHz  pump 
signal  before  it  was  used  to  modulate  the  light.  In  this  example, 
the  modulation  frequency  was  set  to  10  MHz.  This  frequency 
was  chosen  by  convenience  and  can  be  varied  as  long  as  it 
is  small  compared  to  the  phase-conjugation  frequency.  If  it 
becomes  comparable  to  the  phase-conjugation  frequency,  the 
output  signal  will  not  be  the  conjugate  beam  any  more.  The 
two  sources  used  in  the  previous  experiments  were  used  to 
illuminate  the  conjugator.  The  detected  spectra  at  different 
angles  are  shown  in  Fig.  1 1 .  The  top  spectrum  was  detected  in 
the  +15°  conjugate  beam.  It  shows  the  10.24-GHz  carrier  and 
two  A.M,  modulation  sidebands  at  10.23  and  10.25  GHz.  The 
bottom  spectrum  was  detected  in  the  -20°  conjugate  beam 
and  it  shows  the  same  characteristics  as  the  +15°  one.  When 
the  receive  horn  was  moved  out  of  the  conjugate  beams  to  0°, 
the  carrier  and  sidebands  were  about  20  dB  lower  than  those 
of  the  conjugate  beams.  The  signal  detected  here  was  mainly 
due  to  diffraction  and  leakage.  Using  a  large  phase-conjugate 
array  and  two-stage  mixing,  this  contrast  ratio  can  be  further 
increased  because  of  the  reduction  of  diffraction  effects  and 
mixer  leakage. 


V.  Conclusions 

Thus  far,  we  have  demonstrated  two-dimensional  mi¬ 
crowave  phase  conjugation  in  free  space.  In  order  to 
extend  this  effort  to  complete  three-dimensional  wavefront 
reconstruction,  two-dimensional  arrays  will  have  to  be  used. 
At  microwave  frequencies,  a  phase-conjugate  array  can  be 
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constructed  using  discrete  components,  as  done  in  this  paper. 
As  we  have  demonstrated,  optical  interconnections  can  solve 
the  2w  pump  signal  distribution  problem  for  large  two- 
dimensional  arrays.  However,  in  the  millimeter-wave  regime, 
monolithic  design  will  be  needed  in  order  to  satisfy  the  small 
A/2  spacing  requirement.  Using  high-speed  photodetectors 
and  mixing  devices  [15],  [16]  in  conjunction  with  on- 
wafer  polyimide  optical  waveguides  [17],  two-dimensional 
millimeter-wave  phase-conjugate  surfaces  can  be  realized. 
Fig.  12  shows  this  concept. 

To  address  the  problem  of  amplified  leakage  signals  coming 
out  from  our  phase-conjugate  elements,  a  two-stage  mixing 
technique  has  been  proposed  [1 1  ].  To  understand  how  it  works, 
let  us  consider  that  the  sampled  incident  signal  has  a  phase 
factor  of  cot  —  <p.  This  incident  signal  will  be  mixed  with  a 
pump  signal  having  a  phase  factor  of  Sit,  where  to  <  SI  <  2u/ 
and  this  phase  factor  Sit  is  the  same  for  all  elements.  After  the 
first-stage  mixing,  there  will  be  four  major  components  coming 
out  from  the  mixer:  (ft  — co)t-\~cp,  (O-f-cu)f  —  cp,  cot—cp,  and  Of. 
The  first  term  is  the  signal  we  want  because  of  its  reversed 
phase  +<p.  The  second  term  is  the  sum  frequency,  and  the 
last  two  terms  are  the  leakage  through  the  mixer.  Since  these 
four  signals  are  at  different  frequencies  if  SI  ^  2u>,  a  bandpass 
filter  at  SI  -  oj  can  be  used  to  remove  the  three  unwanted 
components.  A  second-stage  mixing  is  needed  because  the 
signal  carrying  the  conjugate  phase  is  not  yet  at  the  incident 
frequency.  To  convert  the  {SI— a;)£+<p  signal  back  to  frequency 
tu,  it  is  mixed  with  a  second  pump  signal  (2w  -  Sl)t.  Again, 
this  pump  signal  has  to  be  the  same  for  all  elements.  As  in 


Circulators  Surface  of  Conjugation 


Optically  Carried  2w  Pump  Signal 


Fig.  1 2.  Monolithic  one-dimensional  arrays  forming  a  two-dimensional  ar¬ 
tificial  nonlinear  surface  for  generating  three-dimensional  microwave  phase 
conjugation. 


the  first  stage,  four  components  will  appear  on  the  output  port: 

(2ft  -  3 u)t  +  v?  or  (3a;  -  2ft)f  -  ip,  {SI  -  co)t  +  cp, 
and  (2a;  -  Sl)t.  Using  a  second  bandpass  filter  at  frequency 
a;,  only  the  conjugate  signal  cot  -f-  <p  will  be  radiated  back  to 
form  the  conjugate  beam.  Therefore,  this  two-stage  mixing 
scheme  can  eliminate  the  leakage  problems  caused  by  the 
single-mixer  approach,  and  has  the  advantage  of  never  dealing 
with  frequencies  as  high  as  2a;. 
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There  are  still  other  sources  which  can  contribute  to  the 
output  phase  error,  namely,  the  leakage  of  circulators  and 
reflection  of  antenna  elements.  In  this  paper,  we  solved  this 
problem  by  separating  the  sampling  and  radiating  antennas. 
For  a  true  three-dimensional  wavefront  reconstruction  setup, 
sampling  and  radiating  should  occur  at  the  same  point  and, 
therefore,  only  one  antenna  is  desired.  Both  circulator  leakage 
and  antenna  reflection  can  be  reduced  to  below  30  dB  if  they 
are  specially  designed  for  a  specific  narrow  band.  Also,  for 
pulsed  applications,  wide-band  operations  can  still  be  realized 
if  the  sampled  signal  and  conjugate  signal  can  be  separated  in 
time.  This  can  be  achieved  by  delaying  the  conjugate  signal 
in  a  long  optical  fiber  during  the  sampling  period.  During  the 
radiating  period,  the  mixer  input  is  blocked  and,  therefore,  the 
reflected  conjugate  signal  will  not  enter  the  mixer. 

In  this  paper,  we  have  concentrated  on  generating  phase 
conjugation  using  electronic-mixing  arrays.  This  technique 
can  also  be  extended  to  other  nonlinear  optics  analogies. 
For  example,  by  replacing  the  2cu  pump  signal  feeding  the 
mixer  in  a  phase-conjugate  element  with  the  sampled  w  signal, 
the  element  can  generate  2u>,  therefore,  acting  as  a  second- 
harmonic  element.  This  type  of  electronic  mixing  arrays  can 
perform  free-space  second-harmonic  generation.  Using  differ¬ 
ent  configurations  for  the  basic  elements,  these  electronic- 
mixing  microwave  arrays  can  provide  very  high  effective  *(2) 
or  which  are  not  available  in  any  natural  material. 

Due  to  the  retro-directivity  and  automatic  phase  correction 
properties,  microwave  and  millimeter-wave  phase  conjuga¬ 
tion  is  useful  in  applications  requiring  automatic  pointing 
and  tracking  and  phase  aberration  corrections.  We  have  also 
demonstrated  that  information  can  be  transmitted  in  phase- 
conjugate  signals  without  prior  knowledge  of  where  the  targets 
are.  Therefore,  microwave  and  millimeter  phase  conjugation 
can  be  very  useful  for  novel  communications  systems  such  as 
satellite  links  on  moving  vehicles  and  deep-space  transponder 
applications.  Another  interesting  application  is  to  use  these 
structures  to  combine  the  output  power  from  many  elements 
to  form  high-power  beams  with  excellent  mode  quality. 

In  this  paper,  we  have  developed  and  demonstrated  a  new 
approach  to  achieve  phase  conjugation  in  the  microwave 
and  millimeter- wave  regime.  We  have  obtained  similar  re¬ 
sults  for  both  electrical  and  optical-interconnection  techniques. 
The  proof  of  two-dimensional  free-space  phase  conjugation 
has  been  obtained  by  direct  measurements  of  the  output 
electric-field  magnitude  distribution  at  10.24  GHz.  Using 
a  distorting  medium  and  two  sources,  retro-directivity  and 
automatic  phase  correction  have  been  directly  observed  on 
the  electric-field  wavefronts.  The  capability  of  data  com¬ 
munication  using  phase  conjugation  has  also  been  validated 
by  transmitting  a  10-MHz  modulated  signal  back  to  the 
two  sources  illuminating  the  conjugator.  Furthermore,  the 
conjugate  signal  has  shown  a  10-dB  power  gain,  which  is 
desired  for  communications  applications.  In  the  near  future, 
we  foresee  many  nonlinear  optical  techniques  being  extended 
to  the  microwave  and  millimeter-wave  regime  and  also  new 
microwave  and  millimeter-wave  applications  being  developed 
using  these  electronic  mixing  arrays. 
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An  artificial  nonlinear  surface  has  been  developed  using  antenna-coupled  mixers  with  optical 
interconnects  for  microwave  and  millimeter-wave  phase  conjugation.  Prototype  one-dimensional 
arrays  have  been  constructed  and  have  been  used  to  demonstrate  two-dimensional  free-space  phase 
njugation  at  10.24  GHz.  The  phase  conjugation  properties  have  been  observed  and  verified  by 

Forth  y  meaTng  the  eIectnc'field  distribution  of  the  conjugate  wave  under  various  conditions. 
Furthermore,  the  experiments  have  shown  amplified  conjugate  wave  power  up  to  ten  times  of  that 
of  the  incoming  wave.  This  amplifying  ability  demonstrates  the  potential  of  such  surfaces  to  be  used 

° ,m  Amertcm 


Since  its  first  demonstration,  optical  phase  conjugation 
has  been  studied  intensively.  Most  of  this  interest  can  be 
traced  to  potential  applications  in  image  processing  and  in 
dynamic  compensation  for  distortion.  This  technique  utilizes 
the  nonlinear  susceptibility  of  a  medium  to  reverse  the  phase 
factor  of  an  incoming  wave.  The  phase-conjugate  wave 
propagates  backward  and  has  the  same  wave  fronts  as  that  of 
the  incoming  wave. 1  This  unique  property  of  phase- 
conjugated  waves  is  useful  in  many  novel  applications  in¬ 
cluding  automatic  pointing  and  tracking,  phase  aberration 
corrections,  and  phase-conjugate  resonators.  To  date,  most  of 
the  phase  conjugation  development  has  been  concentrated  in 
the  optical  (visible  and  IR)  regime.  Efforts  to  extend  this 
technique  to  microwave  and  millimeter  wave  (MMW)  have 
encountered  severe  difficulties  due  to  the  small  nonlinearity 
of  materials  and  the  low-power  densities  available  at  these 
wavelengths.  In  the  search  for  alternative  media  suitable  for 
use  in  MMW  nonlinear  optics,  artificial  media  were  found  to 
have  much  larger  nonlinearities  than  that  of  crystals.  Using 
shaped  microparticle  suspensions2  and  MEMS  structures,3 
volume  grating  formation  for  microwave  phase  conjugation 
has  been  demonstrated  using  degenerate  four-wave  mixing 
techniques.  6 

During  the  past  decade,  quasioptical  approaches  have 
been  studied  intensively  for  MMW  generation,  amplification, 
and  other  applications. 4  6  In  this  current  study,  the  basic  idea 
is  to  use  quasioptical  techniques  to  replace  the  weak  micro- 
wave  nonlinearities  of  electron  distributions  in  a  crystal  with 
the  strong  nonlinear  /-  V  response  of  P-N  junctions.  This 
method  effectively  creates  a  surface  with  a  strong  nonlinear 
susceptibility  y<2>,  which  can  then  be  used  to  generate 
phase-conjugate  waves  using  a  three-wave  mixing  technique. 
Because  this  process  takes  place  entirely  on  the  surface, 
phase  matching  is  not  required.  We  have  effectively  demon¬ 
strated  an  artificial  nonlinear  surface  exhibiting  two- 
dimensional  free-space  phase  conjugation  at  10.24  GHz  by 
using  an  array  of  antenna-coupled  mixers  synchronized  with 
optical  interconnects. 
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It  has  been  proven  theoretically  that  if  a  wave  is  conju¬ 
gate  to  another  at  a  certain  plane,  they  will  conjugate  to  each 
other  everywhere.  In  other  words,  phase  conjugation  can  be 
achieved  using  a  strong  nonlinear  surface  instead  of  a  vol¬ 
ume  of  weak  nonlinear  material.  To  realize  this  theory,  we 
turn  to  the  nonlinear  I-V  characteristic  of  diodes.  Micro- 
wave  circuits  that  combine  antennas  and  microwave  mixers 
can  effectively  replace  the  nonlinear  dipoles  of  a  medium. 
The  idea  is  to  “sample”  the  incident  wave  at  different  posi¬ 
tions  of  the  wave  front  with  an  array  of  antennas  and  then 
generate  phase-conjugate  currents  using  microwave  mixers. 
These  currents  will  then  excite  a  phase-conjugate  field  at 
each  sampling  point.  If  the  sampling  is  dense  enough,  the 
combined  field  of  all  elements  will  be  the  phase-conjugate 
wave  of  the  incident  beam.  This  sampling  concept  was  pro¬ 
posed  in  the  1960’s,  but  due  to  the  lack  of  modem  semicon¬ 
ductor  and  optical  technologies,  researchers  did  not  have  a 
practical  way  to  implement  the  concept.  8  To  understand  how 
the  conjugate  signal  can  be  generated  at  each  element  using 
microwave  circuitry,  let  us  consider  the  incident  electric  field 
at  the  yth  element: 

E=A(r,V<"'-*/>+c.c.,  (1) 

where 

<P/=k-r,+<p(r,.).  (2) 

The  signal  picked  up  by  the  antenna  and  then  sent  to  the  rf 
port  of  the  mixer  can  be  written  as 

Vj\vMr ;)e((“'-'p;)+c.c.  (3) 

Now  consider  a  2a>  signal  delivered  to  the  LO  port  of  the 
mixer  given  by 

F’y2  =  Ce2'<u'+ c.c.  (4) 

This  2  (o  pump  signal  has  to  be  delivered  to  all  elements  at 
the  same  amplitude  and  phase;  otherwise,  the  mixed  output 
will  contain  a  term  other  than  VJ{  that  depends  on  j.  If  this 
ever  happens,  the  sum  of  the  excited  field  at  each  element 
will  be  distorted  and  will  not  form  the  conjugate  beam.  Op¬ 
tical  interconnection  is  the  crucial  technology  implemented 
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FIG.  1.  The  configuration  of  a  phase-conjugate  element  used  in  this  study. 

to  carry  this  2w  microwave  pump  signal  in  phase  to  all  mix¬ 
ing  elements  because  of  its  low  loss,  light  weight,  and  small 
size  compared  to  microwave  components.  Using  difference 
frequency  generation  in  a  mixer,  the  if  output  current  can  be 
written  as 


Ic  «e2ia,Xe' 


This  current  component  has  the  conjugate  phase  +  <p  .  instead 
of  the  input  phase  -Vj.  Therefore,  when  it  is  delivered  to 
the  antenna,  it  will  excite  the  conjugate  field  at  r, : 

Ecy(r/)«  A(  r/)e,(“,+ «7> + c.c.  (6) 

When  the  sampling  spacing  is  less  than  X/2,  the  combined 
field  Ec=2;Ec;(r)  forms  the  phase-conjugate  wave  on  the 
sampling  surface  and,  therefore,  everywhere.  Computer 
simulations  have  shown  that  the  quality  of  the  conjugate 
wave  is  limited  by  the  size  of  the  conjugation  surface,  not  the 

element  spacing,  as  long  as  the  element  spacing  is  less  than 
\/2. 

To  implement  the  above-mentioned  concepts,  we  have 
built  an  eight-element  one-dimensional  array  with  optical  in¬ 
terconnects  to  deliver  the  2  w  pump  signals.  Figure  1  shows 
the  configuration  of  each  element.  Since  we  had  planned  to 
demonstrate  two-dimensional  (in  the  xy  plane)  free-space 
phase  conjugation  using  a  one-dimensional  array,  we  have 
chosen  to  separate  the  transmit  and  the  receive  antennas  in 
the  z  direction  for  simplicity.  This  means  the  sampling  of  the 
incident  field  and  the  excitation  of  the  conjugate  field  happen 
at  the  same  (x,y)  coordinates  but  a  slightly  different  z  coor¬ 
dinate.  This  small  shift  in  the  z  direction  will  only  disturb  the 
electric-field  distribution  on  the  xy  plane  to  a  negligible 
level.  To  avoid  this  small  spatial  shift  of  the  conjugate  field, 
a  circulator  can  be  used  to  allow  a  single  antenna  to  perform 
both  transmitting  and  receiving  functions  at  each  element.  In 
this  case,  however,  the  return  loss  of  the  antenna  has  to  be 
much  larger  than  the  gain  provided  by  the  element  at  the 

operating  frequency  in  order  to  prevent  oscillation  and  dis- 
tortion. 

Because  the  incoming  wave  (rf)  and  the  conjugate  wave 
(if)  have  the  same  frequency,  filters  cannot  be  used  to  sepa¬ 
rate  these  two  signals.  In  order  to  achieve  maximum  isola¬ 
tion  between  the  rf  and  the  if  signals,  a  triple-balanced  mixer 
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was  used  in  the  configuration  shown  in  Fig.  1.  An  alternative 
way  to  accomplish  signal  isolation  is  to  use  a  two-stage  mix¬ 
ing  technique.  In  this  method,  the  undesired  incoming  fre¬ 
quency  can  be  filtered  out  by  a  bandpass  filter  after  the  first 
stage  mixing.  This  filtered  signal  can  then  be  mixed  in  the 
second  stage  to  produce  the  final  conjugate  signal.  Again,  a 
second  bandpass  filter  can  filter  out  any  undesired  leakage 
signals.  This  four-wave  mixing  technique  can  achieve  higher 
isolation  between  the  incoming  signal  and  the  conjugate  sig¬ 
nal  at  the  cost  of  an  addition  pump  source  for  each  element. 

In  Fig.  1,  a  filter  is  used  to  reduce  the  noise  and  to  limit 
the  gain  of  the  element  to  a  narrow  band  to  prevent  two-tone 
oscillations.  Furthermore,  one  phase  adjustment  and  one  am¬ 
plitude  adjustment  device  are  used  at  each  element  to  com¬ 
pensate  the  differences  between  the  amplifiers  and  the  mixers 
of  different  elements.  These  adjustments  can  be  eliminated 
by  fabricating  matched  amplifiers  and  mixers.  In  this  dem¬ 
onstration,  the  rf  frequency  was  set  at  10.24  GHz.  The  ele¬ 
ment  spacing  of  the  antenna  arrays  was  0.467  X  and  the  spac¬ 
ing  between  the  transmit  and  receive  arrays  was  0.478  X.  A 
diode-pumped  Nd:YAG  laser  was  used  as  the  light  source 
The  optical  wavelength  was  1319  nm,  with  a  linewidth 
<5  kHz.  This  wavelength  is  chosen  to  minimize  the  disper¬ 
sion  in  optical  fiber  systems.  In  this  demonstration,  it  is  not 
an  important  issue  because  of  the  relatively  short  propaga¬ 
tion  distances.  However,  to  be  able  to  extend  this  technique 
into  large  surfaces  and/or  millimeter-wave  frequencies,  mini¬ 
mized  dispersion  will  be  a  crucial  factor. 

The  laser  light  was  directed  into  a  LiNb03  Mach- 
Zehnder  optical  modular  using  a  polarization  preserving  fiber 
and  was  modulated  by  the  2  a,  (20.48  GHz)  signal.  This  op¬ 
tically  carried  2  «  pump  signal  is  delivered  to  each  element 
using  optical  fibers.  It  is  then  extracted  by  a  photodetector 
for  use  as  the  LO  signal  for  mixing.  Using  a  digital  sampling 
oscilloscope  (DSO)  to  display  the  conjugate  signals,  the  am¬ 
plitudes  of  all  phase-conjugate  elements  were  matched  to 
within  ±2%  and  the  phases  matched  to  within  ±0.2ps 
(0.2%). 

For  testing  of  the  phase  conjugation  properties,  two 
transmitting  horns  were  aimed  at  the  one-dimensional  non¬ 
linear  surface  inside  an  anechoic  chamber.  A  receiving  horn 
was  mounted  on  a  computer-controlled  rotation  stage,  which 
allowed  the  receiving  horn  to  rotate  from  —30°  to  +30° 
The  rotation  stage  was  then  mounted  on  a  translation  stage  to 
allow  for  changing  the  distance  to  the  nonlinear  surface  The 
receiving  horn  was  arranged  slightly  below  the  transmitting 
horns  to  permit  free  movement  without  blocking  the  incom¬ 
ing  beams.  The  received  signal  was  amplified  and  then  dis¬ 
played  on  a  DSO.  By  comparing  the  received  signal  to  a 
reference  signal  using  a  computer,  the  amplitude  and  phase 
of  the  electric  field  at  the  receiving  hom  position  can  be 
measured  relative  to  the  transmitted  signal.  The  conjugate 
electric-field  distribution  in  the  xy  plane  was  measured  by 
rotating  the  receiving  hom  from  -30°  to  +30°  with  1°  steps 
and  by  changing  the  distance  from  45  to  55  cm  with  0.5  cm 
steps.  A  typical  result  is  shown  in  Fig.  2.  In  this  case,  the 
transmitting  horns  were  located  at  +15°  and  -20°  with 
distances  of  60  cm  from  the  nonlinear  surface,  as  marked  by 
the  black  dots.  The  nonlinear  surface  was  located  at  the  left 
of  each  contour  plot. 
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Optically  Carried  2b  Pump  Signal 


FIG.  3.  Monolithic  one-dimensional  arrays  forming  a  two-dimensional  arti¬ 
ficial  nonlinear  microwave  surface  for  generating  three-dimensional  micro- 
wave  phase  conjugation. 

signals  are  completely  distorted  due  to  the  fact  that  they 
travel  through  the  distorting  medium  twice  without  any 
phase  inversion. 


FIG.  2.  The  contour  plots  of  the  phase-conjugate  electric  field  of  two 
sources  at  +  15'  and  -20'.  They  demonstrate  multiple-source  retrodirec- 
tivity  and  automatic  phase  correction  when  a  distorting  medium  is  inserted 
in  front  of  the  conjugator.  The  four  black  dots  represent  the  transmitting 
horns  and  the  brighter  color  represents  higher  field  in  the  plots.  Leakage 
signals,  down  by  about  10  dB,  also  appear  adjacent  to  the  conjugate  signals. 

The  brightness  of  the  contour  plots  indicates  the  magni¬ 
tude  of  the  electrical  field  at  a  given  time  at  a  given  position, 
with  white  for  high  field  and  black  for  low  field.  The  first 
plot,  marked  as  without  distortion,  was  obtained  without 
anything  in  the  beam  paths.  It  exhibits  multiple-source  retro- 
directivity,  as  indicated  by  the  wave  fronts  traveling  back  to 
the  sources.  Note  that  mixer  leakage  signals  can  also  be  seen 
adjacent  to  the  two  main  conjugate  beams.  The  leakage  sig¬ 
nals  were  about  10  dB  lower  than  the  conjugate  signals.  As 
mentioned  earlier,  this  leakage  can  be  minimized  by  using  a 
two-stage  mixing  technique.  The  conjugate  beams  also  ac¬ 
quired  a  10  dB  gain  from  the  amplifiers  of  the  nonlinear 
surface.  In  the  same  plot,  however,  the  conjugate  wave  does 
not  show  the  effect  of  focusing  back  to  the  sources,  which  is 
expected  in  a  true  wave-front  reconstruction.  This  is  a  result 
of  diffraction  distortion  caused  by  the  small  size  of  the  non¬ 
linear  surface.  Our  computer  simulations  have  predicted  this 
for  the  eight-element  array.  Simulations  have  also  shown  that 
a  clear  focusing  effect  can  be  observed  for  a  40-element 
array  with  the  same  element  spacing. 

To  demonstrate  the  multiple-source  retrodirectivity  in- 
deed  originated  from  phase  conjugation,  not  from  comer  re¬ 
flections  or  any  other  means,  a  dielectric  distorting  material 
was  inserted  in  front  of  the  phase  conjugator.  The  resulted 
field  distribution  is  shown  in  the  second  contour  plot.  By 
comparing  the  fringes  in  the  two  plots,  we  clearly  observe 
the  two  main  phase-conjugate  beams  maintain  the  same 
phases  with  or  without  the  distorting  medium,  as  expected 
from  a  phase-conjugate  wave.  At  the  same  time,  the  leakage 

Downloaded  05  Jan  2001  to  128.97.89.89.  Redistribution  subject 


— — v,  uavc  ucmonstratea  two-dimensional 

free-space  phase  conjugation  at  10.24  GHz  with  diffraction- 
limited  results  using  an  optically  injected  artificial  nonlinear 
microwave  array.  By  extending  this  one-dimensional  array 
into  a  two-dimensional  surface,  as  shown  in  Fig.  3,  complete 
three-dimensional  wave-front  reconstruction  can  be  realized 
at  MMW  frequencies.  Other  types  of  artificial  media  can  also 
be  created  to  provide  large  *<2>  and  *<3>  on  single  surfaces 
by  changing  the  basic  elementary  configuration.  Using  mod¬ 
em  monolithic  fabrication  techniques,  we  foresee  many  non¬ 
linear  optical  processes  being  extended  to  the  MMW  regime 
and  also  MMW  applications  being  developed  using  these 
artificial  nonlinear  surfaces. 
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MEMS  Orientational  Optomechanical  Media 
for  Microwave  Nonlinear  Applications 


B.  Tsap,  K.  S.  J.  Pister,  and  H.  R.  Fetterman 


Abstract  The  fabrication  and  testing  of  orientationai  op¬ 
tomechanical  media  suitable  for  microwave  phase  conjugation  is 
described.  It  consists  of  metal-coated  dielectric  elongated  beams 
mm  x  100  jim  x  10  ^m  suspended  by  nonconductive  torsional 
springs  attached  to  a  microwave  transparent  frame.  Rotation  of 
single  elements,  in  a  polarized  electromagnetic  field  at  15  GHz, 
was  measured  and  found  to  be  in  a  good  agreement  with  theory. 
Hus  first  experimental  implementation  of  using  microelectrome- 
chamcal  structures  (MEMS)  for  nonlinear  microwave  devices 
demonstrates  the  potential  of  an  entirely  new  class  of  devices. 

I.  Introduction 

PHASE  CONJUGATION  at  microwave  frequencies  has 
attracted  much  attention  in  recent  years  [  1  ]-[3J.  Optical 
birefringence  [2]  and  phase  conjugation  via  degenerate  four- 
wave  mixing  (DFWM)  [3]  using  a  mineral  oil-heptane  suspen¬ 
sion  of  shaped  carbon  microfibers  at  centimeter  wavelength 
has  been  demonstrated.  To  obtain  a  number  of  practical 
advantages  over  liquid  suspensions  of  shaped  microparticles 
for  device  applications,  a  new  class  of  artificial  dielectric 
media  was  suggested  [1],  [4],  These  media  consist  of  three- 
dimensional  (3-D)  arrays  of  electrically  small,  anisotropic 
particles  that  are  mechanically  supported  and  free  to  rotate, 
under  the  action  of  electromagnetically  induced  torques  into 
preferred  directions  set  by  the  net  polarization  vector  of 
the  incident  radiation.  Rotation  of  the  particles  changes  the 
effective  index  of  refraction  of  the  medium  and  gives  rise  to 
orientational  index  gratings  that  can  be  used  for  active  optical 
processes.  These  particle  arrays  are  referred  to  as  orientational 
optomechanical  media  and  have  unique  dielectric  and  dynamic 
properties  such  as  reasonable  optical  response  times,  overall 
thermal,  optical,  and  mechanical  stability,  and  control.  They 
are  therefore  an  unusually  promising  microelectromechanical 
structures  (MEMS)  candidate  for  active  optical  applications  at 
microwave  and  millimeter  frequencies. 

In  this  letter,  we  report  fabrication  and  testing  of  the 
first  prototype  of  an  optomechanical  medium  consisted  of  1 
mm  x  100  fim  x  10  /rm  polyimide  beams  covered  with 
0.2  ftm  of  aluminum  and  supported  by  two  nonconductive 
torsional  springs  attached  to  a  10-Mm- thick  dielectric  frame. 
Our  MEMS  device  demonstration  combines  the  microma- 
chinmg  fabrication  techniques  with  the  concept  of  active  < 
millimeter-wave  nonlinear  devices.  As  a  next  step,  microwave 

o£SK  SSS IV*™  ”rl  ~  -«»-  * ' 

Publisher  Item  Identifier  S  1051-8207(96)08886*1.  , 


phase  conjugation  via  DFWM  in  3-D  arrays  of  mechanically 
supported  metal-coated  rods  will  be  measured. 

II.  Design  and  Fabrication 
A  particle  with  polarizability  tensor  a(H),  where  h  = 
are  the  orientational  angles  of  its  symmetry  axis  in 
^electromagnetic  field  E(f;t)  acquires  a  dipole  moment 

n  a  ■■  E'  1,160  couples  back  t0  the  radiation 
field  giving  rise  to  an  electrostrictive  potential  U(r,ft;t) 

Associated  with  U(r,Q-t)  is  electrostrictive  force  F(r  fr- 1) 
and  electrostrictive  torque  f(r,  If  the  particles  are’ fixed 
in  space,  we  can  neglect  electrostrictive  forces  that  tend  to 
change  the  particles’  density  distribution.  The  maximum  field 
induced  torque  can  be  expressed  as  |f|  =  (4tr /c)0I,  where 
(3  is  the  asymmetric  component  of  particle  polarizability,  I  is 
the  field  intensity,  and  c  is  the  speed  of  light.  Nonabsorbing 
symmetrical  microellipsoids  are  characterized  by  polarizability 
components  a«  parallel  to  the  symmetry  axis  and  ax  in  any 
direction  perpendicular  to  this  axis.  It  can  be  shown  that  the 
asymmetric  polarizability  0  can  be  expressed  in  terms  of  the 
components  of  the  tensor  a(Cl) 


47rl+£ 
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where  V  is  the  ellipsoid’s  volume,  e  is  the  dielectric  constant, 
and  Ai  and  A2  are  depolarization  coefficients  [5], 

For  metal  or  metal-coated  ellipsoids,  the  asymmetric  com- 
ponent  of  the  particle's  polarizability  is 


ct±  =  abc( - 
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where  a,  b.  c  are  the  major  ellipsoid  semiaxises.  Field- 
induced  torques  can  therefore  be  optimized  choosing  ap¬ 
propriate  shaped  ellipsoid  particles.  For  fabricated  beams  of 
dimensions  1  mm  x  100  Mm  x  10  ft m  the  calculated 
asymmetric  component  of  polarizability  was  /?  =  4.68  x  10“5 
cm"3. 

For  an  optomechanical  medium  composed  of  an  array 
of  spring-supported  beams,  we  must  take  into  account  the 
twisting  torque  that  the  springs  generate  as  the  beams  rotate. 
The  torque  rs  is  given  by  Ts  =  (JSG/L) A,  where  Js  is 
the  polar  moment  of  inertia  of  the  spring  with  the  length  L, 
and  spring  shear  modulus  G  with  A  the  angle  of  rotation. 
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Fig.  I.  (a)  Cross  section  and  (b)  top  views  of  a  single  rotating  element 
fabricated  by  standard  micromachining  techniques. 
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Fig.  2.  Optical  part  of  experimental  setup  for  measurement  of  interaction  of 
optomechanical  medium  with  microwave  radiation. 


Assuming  field-induced  torques  of  about  10  13  Nm  and  a 
desired  rotation  of  90°,  this  requires  torsional  spring  constant 
k  =  rs/A  of  approximately  6  x  10"15  Nm  deg-1.  Such 
a  small  spring  constant  eliminates  from  consideration  such 
attractive  fabrication  materials  as  polysilicon  and  Si02.  We 
consequently  chose  polyimide  for  our  applications  because  of 
its  low  shear  modulus  ~  l  GPa  and  relative  ease  of  processing. 
Moreover,  it  allows  us  to  fabricate  nonconducting  springs  and 
supporting  frames  of  sufficiently  different  thicknesses  using 
commercially  available  Probimide  100  and  200  series.  Fig.  1 
shows  a  cross  section  and  a  top  view  of  a  single  rotating 
element.  T\vo  by  two  square  inch  arrays  with  100  equally 
spaced  elements  were  fabricated  on  the  top  of  4-in.  silicon 
wafer  with  a  sacrificial  polysilicon  layer  and  low  temperature 
oxide  used  as  a  stop  layer  with  standard  photolithography  tech¬ 
niques.  To  release  the  fabricated  structures  xenon  difluoride 
(XeF2),  a  dry  isotropic  etc  hant  [6]  was  used  to  circumvent  the 
liquid  surface  tension  forces  present  during  conventional  wet 


Fig.  3.  Degree  of  rotation  of  two  metal-coated  dielectric  beams  each  sus¬ 
pended  by  two  torsional  springs  with  the  width  of  4  fim  (top  line)  and  7 
(lower  line),  respectively.  Solid  lines  arc  least  square  approximation  for  linear 
dependence  A(P). 


etching.  Finally,  fabricated  structures  were  glued  to  a  Rexolite 
frame,  which  later  will  allow  for  3-D  stacking.  As  a  result,  we 
fabricated  arrays  of  dielectric  beams  covered  with  aluminum 
with  dimensions  1  mm  x  100  /xm  x  10  jim  each  supported 
by  1-mm-long,  0.6-/xm-thick  torsional  springs.  To  vary  the 
spring  constant  k  as  well  as  its  mechanical  strength,  springs 
with  widths  between  4  fim  and  10  fxm  were  fabricated.  The 
torsional  spring  constant  of  the  most  compliant  spring  was 
calculated  to  be  1.5  x  10"13  Nm  deg"1, 

III.  Measurements 

In  our  first  experiments  the  response  of  fabricated  arrays  of 
mechanically  suspended  metal-coated  particles  to  microwave 
radiation  at  15  GHz  was  measured.  A  TWT  amplifier  with 
output  power  up  to  20  W  in  Ku-band  was  used  to  illuminate 
the  rotating  elements.  The  light  of  a  He-Ne  laser  was  focused 
to  a  spot  size  less  than  100  fim  on  the  side  of  a  particle,  and 
the  reflection  was  directly  observed  with  a  video  camera.  The 
optical  part  of  the  setup  (Fig.  2)  allowed  for  the  measurements 
of  the  rotation  of  a  single  element  resulting  from  electrostric- 
tive  torques  produced  by  the  interaction  of  the  orienting  beam 
with  electromagnetic  radiation. 

Fig.  3  shows  the  measured  degree  of  rotation  of  1  mm 
x  100  fi m  x  10  jzm  aluminum  coated  dielectric  beam 
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suspended  by  two  torsional  polyimide  springs.  The  width  of 
the  strings  was  4  //m  and  7  /im.  respectively.  Elements  were 
placed  very  close  to  the  edge  of  the  microwave  waveguide  to 
maximize  the  intensity  of  the  field.  The  intensity  is  assumed 
to  be  I  -  P/S ,  where  P  is  measured  output  power  and  5 
is  cross-sectional  area  of  the  waveguide.  The  rotation  of  the 
beam  versus  intensity  of  the  electromagnetic  field  is  linear. 
We  observed  no  hysteresis  in  the  beam's  rotation  with  several 
consecutive  changes  in  the  field  magnitude.  The  ratio  of  the 
measured  two  spring  constants  is  k\/ko  %  1.98.  which  is 
fairly  close  to  theoretical  (geometry  based)  value  of  1.87.  The 
experimental  value  of  a  spring  constant  for  and  7-/zm- 

wide  torsional  springs  was  found  to  be  3.28  x  10“ 14  Nm 
deg  1  and  6.51  x  10“ 14  Nm  deg-1,  respectively,  which  are 
four  times  less  than  our  theoretically  calculated  values.  This 
fact  reflects  an  underestimate  of  the  asymmetric  part  of  beams 
polarizability.  In  our  calculations  we  assumed  them  to  be  of 
the  shape  of  the  ellipsoid  of  revolution  whose  volume  is  almost 
one  half  of  the  actual  volume  of  the  fabricated  parallelepiped 
beams  of  the  dimension  2a  x  2b  x  2c. 

IV.  Conclusion 

Two-dimensional  arrays  of  elongated  metal-coated  dielectric 
rods  each  supported  by  nonconductive  torsional  springs  were 
fabricated  by  micromachining  techniques.  Rotation  of  the 
beams  induced  by  microwave  irradiation  at  15  GHz  was 


found  to  K  in  a  good  agreement  with  theoretical  calcula¬ 
tions  of  the  response  of  such  opt  eehanieal  medium  to 
electromagnetic  radiation.  This  is  tl  rst  implementation  of 
previou>!\  suggested  orientational  of  .eehanieal  media.  This 
demonstrates  the  feasibility  of  a  Ml  8  approach,  the  use  of 
microelectromechanical  structures,  to  generate  an  entirely  new 
class  of  nonlinear  microwave  and  millimeter-wave  devices.  A 
stacked  3-D  array  is  now  being  constructed  for  use  at  Ku- 
band.  As  a  next  step,  fabricated  arrays  will  be  used  in  phase 
conjugation  experiments  via  degenerate  four- wave  mixing 
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Grating  formation  in  orientational  optomechanical  media  at  microwave 
frequencies 
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Orientational  optomechanical  media,  consisting  of  three  dimensional  arrays  of  elongated 
metal  coated  dielectric  beams  suspended  by  torsional  springs,  was  fabricated  using 
microelectromechanical  system  (MEMS)  technology.  Response  of  a  single  rotating  element  to  a 
polarized  electromagnetic  radiation  was  found  to  be  in  a  good  agreement  with  theory.  Spatial 
grating  formation  in  fabricated  orientational  optomechanical  media  was  detected  and  measured 
under  the  influence  of  two  orthogonally  polarized  electromagnetic  fields  at  15  GHz.  This  process 
demonstrates  the  feasibility  of  using  optomechanical  media  for  phase  conjugation,  via  degenerate 
four-wave  mixing,  and  for  other  nonlinear  processes  at  microwave  and  millimeter  wave  frequencies. 
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In  recent  years  optical  birefringence1  and  phase  conjuga¬ 
tion  via  degenerate  four-wave  mixing  (DFWM)2  have  been 
extended  into  centimeter  and  millimeter  wavelength  spectral 
regions.  Liquid  suspensions  of  shaped  carbon  microfibers 
were  used  in  these  initial  experiments.  To  obtain  a  number  of 
practical  advantages  for  three-dimensional  device  applica¬ 
tions  a  new  class  of  artificial  dielectric  media  was 
suggested.  These  media  consist  of  three-dimensional  ar¬ 
rays  of  small,  anisotropic  mechanically  supported  particles. 
Particles  are  free  to  rotate,  under  the  action  of  electromag- 
netically  induced  torques,  into  preferred  directions  set  by  the 
net  polarization  vector  of  the  incident  radiation.  Rotation  of 
the  particles  changes  the  effective  index  of  refraction  of  the 
medium  and  creates  orientational  index  gratings  that  can  be 
used  for  active  optical  processes.  These  particle  arrays  have 
unique  dielectric  and  dynamic  properties  such  as  reasonable 
optical  response  times,  overall  thermal,  optical,  and  me¬ 
chanical  stability.  They  are  therefore  referred  to  as  orienta¬ 
tional  optomechanical  media.  The  implementation  of  micro¬ 
machining  techniques  for  fabrication  of  such  arrays 
demonstrated  the  potential  of  an  entirely  new  class  of  non¬ 
linear  microwave  devices.5  However,  the  relatively  high 
twisting  torque  of  the  previously  fabricated  supporting 
springs  confined  rotation  of  the  particles  to  small  angles  and 
would  require  very  high  power  electromagnetic  fields  for 
practical  applications.  In  this  letter  we  report  a  considerable 
improvement  in  flexibility  of  the  mechanical  supports.  This 
allows  for  the  first  observation  of  spatial  grating  formation  in 
orientational  optomechanical  media  fabricated  with  micro¬ 
machining  techniques  (OMEM)  under  influence  of  two  or¬ 
thogonally  polarized  electromagnetic  fields  at  15  GHz. 

An^ elongated  particle  with  polarizability  tensor  a(O), 
where  fi=(0,<£)  are  the  orientational  angles  of  its  symmetry 
axis,  in  the  electromagnetic  field  E(r,/)  acquires  a  dipole 
moment  p=  a(fl)E  which  then  couples  back  to  the  radiation 
field  giving  rise  to  an  electrostrictive  potential  t/(r,fi;f). 
Associated  with  C/(r,a;0  are  the  dectrostrictive  force 
F(r,ft;0  and  electrostrictive  torque  r(r,O;0.  If  the  par¬ 
ticles  are  fixed  in  space,  we  can  neglect  electrostrictive 
forces  which  tend  to  change  the  particles’  density  distribu¬ 
tion.  The  field-induced  torque  tends  to  rotate  the  micropar¬ 


ticles  into  a  direction  specified  by  the  vector  polarization  of 
the  electromagnetic  field.  If  the  particles  are  irradiated  by  a 
single,  plane  polarized  electromagnetic  beam,  then  they  will 
tend  to  point  in  a  given  direction.  For  the  media  irradiated  by 
more  than  one  field,  coherent  interferences  between  the  elec¬ 
tromagnetic  waves  will  give  rise  to  a  modulation  of  the  pre¬ 
ferred  particle  orientation.  This  produces  a  variation  of  the 
effective  dielectric  constant,  which  is  an  optical  index  grat- 
ing,  that  can  be  utilized  for  optical  phase  conjugation. 

For  two  linearly  plane  polarized  degenerate  microwave 
beams  of  equal  amplitude  oscillating  at  the  frequency  co,  the 
vector  sum  is  denoted  by 

E(r,0=  E  E0  ij  exp[i(6>/-k,r)],  (1) 

j~x,y  J  v  7 

where  j=  1,2, ej  are  the  normalized  polarization  vectors,  and 
k i  are  the  corresponding  wave  vectors.  In  this  case  the  elec¬ 
trostrictive  potential  can  be  written  in  the  form 

U(r>Q)—gKxy  exp(i'Qr)  +  c.c,  (2) 

where  Q=k,-k2>  g=(3E20/4kT,  and  Kxy=exK'ey,  with  fi 
being  the  asymmetric  part  of  particles  polarizability  and  K 
being  the  orientational  matrix.6  The  matrix  element  K 
specifies  the  orientation  of  the  microparticles  with  respect  to 
the  direction  of  polarization  of  electromagnetic  radiation.  For 
two  electromagnetic  waves  polarized  in  the  z  direction  the 
electrostrictive  torque  can  be  expressed  as 

|r|  =  j/3£;;  cos|  — yjsin(20).  (3) 

Here,  y  is  the  coordinate  along  the  direction  defined  by  Q. 

Due  to  the  spatially  varying  potential  [Eq.  (2)],  the  mi¬ 
croparticles  distribution  is  perturbed  by  electrostrictive 
torques  [Eq.  (3)]  in  such  a  way  that  an  orientational  grating 
with  spatial  period  As27r/|kj-k2|,  is  formed.  For  metal 
coated  beams  /3>0,  and  if  we  look  along  Q  direction,  the 
particles  will  first  tend  to  align  themselves  parallel  to  the 
polarization  axis.  This  trend  continues  until  y = A/4  at  which 
point  the  electrostrictive  torques  are  zero  and  there  is  no 
preferred  orientation  for  the  particles.  For  A/4<y<3A/4, 
the  particles  tend  to  orient  at  right  angles  to  the  polarization 


Appl.  Phys.  Lett.  TO  (18).  5  May  1997  OMMSSMOTO^mOTIlM  Q  ,997  American  Institute  of  Physics  2475 

Downloaded-05-Jai4-2001— to-428.97.89.89.— Redls4ribulion-subjecl’to-AIP-copyright,-see-http://ojps.aip.eegiaplo/apiepyi4s.html. 


Polyimide  string  Polyimide  supporting 

fram  e 


F,°  .*■  Two-dimensional  arrays  of  metal  covered  dielectric  beams  sup¬ 
ported  by  torsional  springs  can  form  three-dimensional  orientational  optom- 
echanical  medium.  F 
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electromagnetic  field.  Solid  line  is  a  least  square  approximation  for  linear 
dependence  of  the  angle  of  rotation  on  power. 


axis.  At  y =3  A/4,  the  electrostrictive  torque  is  again  zero 
and  microparticles  are  randomly  oriented.  For  fully  degener¬ 
ate  mixing,  |  kj  |  =  |  k2| ,  and  this  grating  has  a  period  A 
-X/[2sin(^2)J,  where  <p  is  an  angle  between  k,  and 

*2  • 

Two  by  two  inch  arrays  of  1  mmXlOO  /imXIO/zm 
polyimide  beams  covered  with  0.2-^m-thick  aluminum  and 
each  supported  by  two  1  mmX3  jumX0.27 yum  polyimide 
stnngs  were  fabricated  using  micromachining  techniques 
previously  described.5-8  The  microbeams  were  equally 
spaced  by  4  mm  as  shown  in  Fig.  1.  Beams  are  free  to  re¬ 
orient  in  the  plane  perpendicular  to  the  supporting  strings 
under  the  influence  of  electrostrictive  torques  due  to  the  in- 
teraction  of  their  asymmetric  polarizability  component  with 
the  electrostrictive  potential  of  the  electromagnetic  field. 
These  arrays  can  be  easily  stacked  into  three-dimensional 
structures  for  future  use  in  free  space  phase  conjugation  ex¬ 
periments  via  degenerate  four-wave  mixing. 

The  asymmetric  component  of  the  beam’s  polarizability 
calculated  ^according  to  Rogovin  et  ai6  was  £  =  4.68 
*  10  cm  ■  these  calculations,  microbeams  were  as¬ 
sumed  to  be  of  the  form  of  an  ellipsoid  of  revolution.  The 
actual  shape  of  the  beams  was  close  to  that  of  a  parallelepi¬ 
ped  whose  volume  is  about  twice  the  volume  of  the  ellipsoid 
of  revolution  with  the  same  dimensions.  This  fact,  and  the 
difference  in  the  value  of  the  depolarization  coefficients  of  a 
parallelepiped  and  an  ellipsoid7  used  in  our  calculations,  re¬ 
flects  an  underestimate  of  the  asymmetric  part  of  the  beam’s 
polarizability. 

First,  in  our  experiments,  the  response  of  a  single  beam 
to  microwave  radiation  at  15  GHz,  in  a  setup  described 
previously,  was  measured.  A  focused  laser  light  reflected 
from  the  rotated  microbeam  was  observed  with  a  video  cam¬ 
era.  Due  to  the  geometry  of  the  setup,  the  linear  motion  of 
the  reflected  light  corresponds  to  the  rotation  of  the  beam. 
Figure  2  shows  the  degree  of  rotation  of  a 
mmXlOO  /j.m X 10  /xm  aluminum  coated  dielectric  beam 
supported  by  two  torsional  springs  with  dimensions 
l  mmX3  /tmX0.27  /xm  as  a  function  of  radiated  power  The 
torsional  spring  constant  calculated  from  the  slope  of  the 
straight  line  on  Fig.  2  is  3.56X  10" 15  N  m  deg"1.  This  value 


is  lower  than  the  theoretically  (geometry  based)  predicted 
spring  constant.  During  the  calculation  we  used  a  calibration 
procedure  which  took  into  account  the  underestimated  value 
of  the  particle’s  asymmetric  polarizability  which  leads  to  the 
reduced  value  of  the  experimentally  extracted  spring  con¬ 
stant.  The  torsional  spring  constant  of  the  fabricated  springs 
corresponds  to  the  ninefold  decrease  in  the  twisting  torques 
compared  with  that  of  the  most  compliant  springs  previously 


- -  gtauug  ui  laDncatea  UMcM 

two  orthogonally  polarized  beams  propagating  in  the  perpen¬ 
dicular  directions  were  used.  They  were  formed  by  equally 
splitting  the  power  of  a  traveling  wave  tube  amplifier  into 
two  Aw-band  waveguides.  For  two  orthogonally  polarized 
beams  of  equal  magnitude  propagating  perpendicular  to  each 
other,  iff/ 2-45°,  so  that  they  form  spatial  grating  with  a 
period  A  =  X/V2.  Figure  3,  set  of  data  no.  1,  depicts  a  mea¬ 
sured  rotation  of  a  single  microbeam  moved  along  the  direc¬ 
tion  specified  by  k,  -k2 .  The  degree  of  rotation  of  the  beam 
represents  a  reorientation  angle  Aa  between  an  initial  orien¬ 
tation  of  the  beam  and  its  orientation  set  by  the  interacting 


fields  at  15  GHz.  Set  No.  .  (.)  for  ,  singIe  ^  moved  a.ong7- 
direction.  Set  no.  2  (O)-f0r  an  array  of  four  beams  separated  by  4  mm  ea, 
Solid  ltne  is  a  theoretical  curve  calculated  using  Eq.  (3). 
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electromagnetic  fields.  It  displays  a  propensity  of  the  beam 
to  reorient  in  two  opposite  directions  in  accordance  with  the 
spatially  varying  electrostrictive  torque.  The  amplitude  of  the 
beam  rotation  corresponds  to  the  intensity  of  combined  elec¬ 
tromagnetic  field  of  about  0.5  W  cm-2.  It  can  be  seen  from 
Fig.  3  that  the  grating  period  A  is  about  14  mm  which  is  very 
close  to  the  theoretical  value  of  14.1  mm  calculated  for  15 
GHz  (\  =  2  cm).  More  importantly.  Fig.  3,  set  of  data  no.  2, 
shows  the  reorientation  from  their  initial  direction  for  one  of 
our  arrays  of  four  microbeams,  fixed  in  space,  each  separated 
by  the  distance  of  4  mm.  Reorientation  of  the  beams  exhibits 
a  spatial  grating  formation  with  the  same  period.  To  our 
knowledge  this  is  the  first  direct  experimental  observation  of 
orientational  grating  formation  in  nonlinear  media  consisting 
of  arrays  of  shaped  microparticles. 

In  conclusion,  response  of  orientational  optomechanical 
media  fabricated  by  standard  micromachining  techniques  to 
polarized  electromagnetic  radiation  was  measured.  Spatial 
orientational  grating  formation  in  such  a  medium  was  ob¬ 
served.  The  measured  grating  period  is  found  to  be  in  good 
agreement  with  the  theoretical  predictions.  Because  the 
whole  structure  was  fabricated  on  a  single  wafer  by  micro¬ 


machining  with  very  high  uniformity,  the  initial  orientation 
of  the  microbeams  tends  to  be  close  to  the  plane  of  fabrica¬ 
tion.  It  means  that  OMEM  are  intrinsically  prealigned  which 
can  greatly  improve  microparticle  grating  formation  times 
and  index  grating  depth.9  The  next  step,  of  course,  is  to  use 
three-dimensional  stacked  arrays  of  OMEM  to  actually  per¬ 
form  optical  birefringence  and  phase  conjugation  via  DFWM 
experiments  at  microwave  frequencies. 

This  project  was  supported  by  the  National  Science 
Foundation  and  by  AFOSR. 
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Abstract—  Wc  have  demonstrated  that  cascaded  fiber  Brapa 
gratings  can  provide  delays  of  propagating  pulses  with  minimal 
pulse  reshaping.  The  grating  pair  used  exhibited  an  overlap 
transmission  region  centered  at  1551.05  nm,  where  both  gratings 

trvm  UtC  ‘°  ‘hc18|;ouP  del®y  and  the  gro"P  velocity  dispersion 
(OVD)  was  canceled.  Using  wavelength  tunable  pulses  spectrally 
sliced  from  a  mode-locked  fiber  laser,  the  measurement  was  per¬ 
formed  in  the  time  domain  with  single  picosecond  resolution.  Both 
gratings  were  3  mm  long  and  a  maximum  group  delay  of  15  ps 
was  measured  for  the  cascaded  sequence.  This  compound  grating 
configuration  can  be  implemented  as  encoders  and  decoders  in 
spread  spectrum  CDMA  systems. 

Index  Terms—  CDMA,  dispersion  compensation,  fiber  Bragg 
grating,  group  delay,  wavelength  slicing. 


I.  Introduction 

UNIFORM  fiber  Bragg  gratings,  essentially  one¬ 
dimensional  photonic  crystals,  exhibit  low  group 
velocity  and  large  dispersion  near  their  stop  bands.  Therefore, 
elays  can  be  achieved  in  transmission  at  band  edge 
frequencies  of  uniform  gratings,  eliminating  the  need  for 
circulators  or  couplers  in  conventional  reflection  schemes  [11. 
These  delays  are  also  coupled  with  dispersion,  which  severely 
limits  their  application  to  communication  systems  In  this 
letter  we  demonstrate  that  this  dispersion  can  be  effectively 
compensated  for  by  transmission  through  opposite  sides 
o  grating  pair  stop  bands,  while  both  gratings  contribute 
o  the  additive  delay.  Simulations  have  demonstrated  the 
advantages  afforded  by  gratings  in  long-haul  fiber  dispersion 
compensation  [2],  [3],  So  far  experimental  investigations  in 
this  arena  have  been  performed  in  the  frequency  domain  [4] 
or  m  the  time  domain  using  a  50-GHz  sampling  oscilloscope 
[5],  Previously  we  reported  single  picosecond  resolution 
time-domain  measurements  of  group  delay  incurred  by  optical 
pulses  propagating  through  a  uniform  grating  [6],  We  also 
demonstrated  that  the  group  delay  was  additive  for  nearly 


identical  cascaded  gratings;  however,  the  transmitted  pulse 
was  severely  distorted  [7], 

In  this  letter  we  explore  a  fiber  Bragg  grating  pair  that 
provided  a  15-ps  group  delay  with  compensated  GVD  in 
transmission.  The  gratings  were  3  mm  long  each  and  spa¬ 
tially  separated  to  avoid  any  coupling  effect.  The  measured 
transmission  spectrum  is  shown  in  Fig.  1.  The  grating  pair 
exhibited  bandgap  centers  at  1550.25  and  1552.10  nm  with  3- 
dB  bandwidths  of  1.40  and  1.82  nm,  respectively.  The  overlap 
transmission  region  had  a  1551.05-nm  central  wavelength,  a 
0.5-nm  3-dB  bandwidth,  and  — 3-dB  peak  intensity  transmis¬ 
sion.  A  commercial  simulation  program  was  used  to  model 
the  gratings  with  parameters  chosen  to  match  the  measured 
transmission  spectrum.  The  simulated  group  velocities  are 
shown  in  Fig.  2.  The  constant  effective  group  velocity  from 
1550.99  to  1551.10  nm  in  the  overlap  transmission  region 
resulted  from  GVD  and  higher  order  dispersion  compensation. 
This  was  confirmed  experimentally  in  the  time  domain  by  the 
minimal  pulse  distortion. 

II.  Experimental  Setup 

The  output  from  a  1 ,55-/xm  mode-locked  erbium-doped  fiber 
laser  exhibiting  a  56-nm  bandwidth  was  spectrally  sliced  [8]  by 
an  HP  optical  spectrum  analyzer.  The  resulting  0.5-nm  band- 

rWn'd!of^ISeS  Pr°duCed  a  ~16-ps  FiH-width  at  half-maximum 
(FWHM)  auto-correlation.  Using  a  3-dB  coupler  the  pulse 
frain  was  divided  into  the  grating  pair  and  into  a  reference 
fiber,  subsequently  recombined,  and  fed  to  an  auto-correlator. 
Ihe  pulse  train  timing  difference  was  then  measured  from  the 
separation  between  the  cross-correlation  and  auto-correlation 
traces,  and  the  grating  pair  induced  pulse  distortion  from  the 
cross-correlation  trace,  by  varying  the  center  frequency  of 
the  0.5-nm  optical  pulses.  This  experimental  arrangement  was 
detailed  in  [6]  and  [7], 


III.  Results 


&  —  - -  “'voout  uiitiiu>  were  per- 

formed  are  labeled  on  the  transmission  spectrum.  Point  A  was 
sifiiated  at  1545.00  nm  where  we  expected  no  grating  pair 
effect  E  was  at  the  center  of  the  overlap  transmission  region 
B  and  F  were  on  opposite  sides  of  the  spectrum  and  had  the 
same  transmission  as  E.  D  produced  the  same  delay  as  that  of 
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overlap  a'  i«,TO ^ «*•«  *  '550.25  and  .55 

ofinteres.  are  B:  .549.55  nm,  C:  .549,63  nm,  D:  154^^1^ 


1553.01  nm. 


1.00 


> 

a 

3 

e 

o 


0.70 


§ 

\mm 

a 

M 

1 

H 

■I 

■ 

| 

a 

1 

1554 


Wavelength  (nm) 

longer.  Group  delays  of  1 1  13  15  1  <  anf4  7  __  f  _ 

r  n  n  at*  ’  *  0>  1:>>  311(1  7  Ps  for  points  B, 

7?  D,  E,  and  F  respectively,  were  measured  as  the  additional 

placement  of  the  cross-correlation  trace  relative  to  the  auto- 
correlation  trace.  The  maximum  15-ps  delay  corresponds  to 
a  group  velocity  66%  of  the  speed  of  light  in  b^e  fiber 
Assuming  a  symmetric  bandgap  for  each  of  the  gratings  the 
e  ay  at  E  was  expected  to  equal  that  at  B  plus  F,  18  ps  At 
points  E,  B,  and  F  the  transmission  loss  amounted  to  3  dB 

iirzi rovided  *he  samc  de,ay 

wavelenZf-^T  ^  traces  for  several 

waveiengths  is  shown  ,n  Fig.  3(b).  From  these  we  deduced 

x  en  o  pu  se  reshaping.  The  traces  were  purposefully 
superimposed  and  normalized  to  their  respective  peak  values 
for  ease  of  comparison.  The  structure  that  appeared^  ~90  ps 


was  caused  by  the  leading  edge  of  the  autocorrelation  trace, 
e  cross-correlation  at  A  exhibited  a  FWHM  of  19  0  ns 

rnrl'/3!/31^  35  thC  referenCe  pu,se  shaPe’  Operation  at 
ncPmo/U,ed  3  cross'correlatlon  trace  with  a  FWHM  of  21  5 

2  i  r  ^  3t  A‘  nere  Were  three  masons  for  the 
slight  pulse  reshaping  at  E.  First,  for  a  uniform  grating  there 

1TT  T7  “  thC  transmission  “d  group  velocity  char- 

and  hthe  1  h  T4  alth°Ugh  thC  °VD  W3S  Cance,e^  cubic 
and  higher  order  dispersion  were  not  [2],  Third,  the  0.5-nm 

pulse  bandwidth  was  larger  than  the  0.1 1-nm  zero  dispersion 

gion.  At  C  and  D  the  cross-correlation  FWHM  were  28.3  and 

theiPS’  refSpe,C“VeIy' 1,16  Pulses  widened  as  expected  since  at 
these  points  there  was  no  dispersion  compensation. 

IV.  Conclusion 

We  have  experimentally  demonstrated  a  grating  pair  se¬ 
quence  with  wavelength  dependent  group  d^ay  exiting 
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cross-correlation  traces  for  various'ope^ng  Sen^^nTd^n  Rg.  ^uto~correlation  traces  are  located  at  100  ps.  (b)  Zoom-in  view  of  noimalized 


compensated  GVD  over  a  0.5-nm  band.  Over  this  range  both 

teristicse'nahli  .!0  **  °PtiCal  PUlSC  ProPagation  charac- 

loss  One  n!  h.a  T  ^  dday  3‘dB  transmission 
loss.  One  possible  application  of  this  is  in  matched  filtering 

hemes,  where  for  a  fixed  center  wavelength  one  grating  in 

EratintnSm!!Ier  Str6tCheS  the  PuIse  in  time  while  a  conjugate 
grating  in  the  receiver  is  used  for  pulse  reconstruction  Both 

gratings  can  be  further  expanded  as  specially  designed  grat¬ 
ing  sequences  to  meet  orthogonal  code  requirements  among 
different  channels  for  CDMA  systems. 
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I.  Introduction 

’P’l  LECTROOPTIC  (E-O)  polymers  are  a  class  of  new  ma- 
X^ftenals  gaming  increasing  research  interest  for  high  speed 
lo?f?e,V1Ce],and  thei*'  commercial  applications  [1H«1.  The 
? "{  ,  ~  4)  **  nond'spersive  relative  dielectric  constants  of 
t-O  polymers  can  result  in  low  capacitance  for  lumped  circuit 
evices  and  provide  a  natural  velocity  matching  between 
optical  waves  and  microwaves  for  broad-band  traveling-wave 
structures  using  simple  planar  circuits.  The  easy  thin  film 
processing  technology  of  polymers  promises  a  low  cost  and 
fttt  fabrication  of  E-O  devices.  TTieir  compatibility  with  semi¬ 
conductor  substrates  and  circuits  allows  vertical  integration 
.  .  ymer  prices  on  semiconductor  driving  circuits 
etectors  as  a  compact  hybrid  optoelectronic  module  for 
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various  applications  PH  101.  In  addition,  the  recent  advances 
m  highly  acuve  chromophores  have  exhibited  a  great  potential 
in  the  synthesis  of  polymers  with  E-O  coefficients  2-3  times 
larger  than  those  of  typical  crystalline  materials  [|1]-(I2). 
n  fact,  several  poled  polymers  have  shown  E-O  coefficients 
larger  than  30  pm/V  [I3]-{I4). 

-E-O  polymer-based  high-speed  modulator  research  started 
m  the  early  1990’s  when  20  GHz  modulation  was  observed 
from  a  Mach-^hnder  (M-Z)  modulator  using  a  thermoplas¬ 
tic  E-O  polymer  [IJ.  Later.  40-GHz  3-dB  bandwidth  was 
demonstrated  in  an  E-O  polymer  modulator  with  a  similar 
polymer  [2J.  To  improve  the  device  stability,  new  thermoset 
and  other  thermally  stable  E-O  polymers  were  used  in  device 
abneation,  and  modulation  frequencies  from  20  to  60  GHz 
were  demonstrated  [3H6],  [15].  At  the  same  time,  the  re¬ 
quired  driving  voltage  for  the  high  speed  polymer  modulators 
decreased  significantly  due  to  the  improvement  in  material 
nonlinearities  and  efficient  poling.  A  halfwave  voltage  Vw  of 
5  V  with  a  halfwave  voltage-modulation  length  product  (VWL) 
of  13  V-cm  was  obtained  (15). 

Analog  fiber-optic  transmission  systems  are  widely  used 
m  fiber-optic  sensors,  community  access  television  (CATV) 
distribution,  radio  frequency  (RF)  remoting.  phased  array  radar 
feeds,  and  analog/digital  microwave  links.  For  most  exter¬ 
nally  modulated  fiber-optic  analog  transmitters,  the  desired 
performance  characteristics  are  low  V„  low-optical  insertion 
loss  wide  frequency  bandwidth,  large  output  power,  and  high 
subiloy.  Similar  requirements  can  also  be  found  in  digital 
fiber-optic  transmitters.  In  this  paper,  instead  of  pursuing  a 
single  parameter  optimization  such  as  a  wider  modulation 
bandwidth  or  a  lower  Vw.  we  focus  on  the  E-O  polymer  modu¬ 
lator  fabrication  process  and  a  comprehensive  performance  test 
for  practical  analog  system  applications.  A  detailed  evaluation 
of  E-O  polymer  devices  will  provide  a  panoramic  view  of  our 
E-O  polymer  device  fabrication  and  testing  efforts.  The  test 
results  will  also  provide  useful  information  for  future  research 
directions  of  material  synthesis  and  device  constructions. 

In  this  paper,  starting  from  material  processing,  the  fabri¬ 
cation  and  the  tests  of  E-O  polymer  modulators  are  discussed 
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tricihanoUmmlUrc  °f  PtR*DRl9  P°*yn*r:  U>  prepolymcr  and  (b)  crosslinks 

“|2  LdP,T,Tiv:  “  pol>"”n  Wwta  widt  DU- 
pcrec  Kcd  19  side  chains  (PUR-DR 1 9)  fifii  rm  n 

include  no,  only  performed  pJ.1-  °“r  ““ 

loss,  and  RF  resnonsc  n..,  .  "  V.  msemon 

such  as  *■.“■**  pnnunews 

externally  modulated  ok. _ _  00  EO  modulators  for 

the  technology  08  transmission  Wu, 

to  devices  usoHn '(xher  systems'*  ?  ‘“5"*  Can  *  ^ 

anH  i ... .  .  .  ^  ten,s  SUC^  45  digital  transmirt^fx 


Wavelength  (nm) 

8  '  Retractive  index  of  an  unpoled  POIT-DR I V  film. 
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to  devices  ™  «"  be  applied 

and  integrated  waveguide  LSes  “  **  'nnsmia*n 

II.  Material  Preparation  and  Properties 
*'  Preparation  °f  Substrates  and  Polymer  Thin  Films 

po  T  made  of  ^ diffc- 

both  upper  a^owerf?lS<r<?P°Xy  ,tea9653  (18,)  for 

polymer  for  nJ  cIafdu»*  *ay«s  and  the  PUR-DR  19  E-0 
WJ  ohrai^H^LWaVCgUKlC  ,ayer  P^R-DR  19  polymer 

in  [16]  and  1171  Til  J!!  r  ,"  StICS  wcre  sported 

I  The  crosslinking  time  and  umfU 

ziszz  ~  »  "«crrc 

« un*000  <*,  ZTZ  soch 

su^htdf^f^ — 

• cjsnrsr  *"  -  - 

The  two°cZZZonZZrP“<°,t'‘l  00  "*  subsmies. 

2)  were  m.xid  m  a  l  i^*<^*PdymCr(Epo‘y,“e  %53' 
for  different  thickness  and  SpCed  W“  calibnUed 

be  diluted  when  thinner^  cl*dd,n*  button  may  need  to 
process  J  si  s^T"  tU***  ,n  ™  ^cation 
between  4-6  The  coated*  h*JUSICd  f0f  *  fi,m  thickne“ 
before  the  spling^r^^  ^ 

P^yTtt^^oZu02°SOf,ht  PUR-DR19 

val.  After  the  powdeiy  prepolymer  wasTm^dSI^ 


the  solution  was  mixed  with  ■  na  . 
which  was  obtained  by  dissolving  n  v>  Crossllnker  so,u'to 
25  ml  dioxane.  The  prcoolvmer  *  a  8  triethanolamine  i; 
filtered  through  a 02-!!?  ^  tCrosslinkcr  ™*ture  wa 

•c !».  P^Ti^T^T^:  ^  -  >  «*■* 

hoi  nitrogen  was  purged  into  the  «i  ■  Unn®  **  tu—uring 
-mow  excess  udSleT  £  *S“°"  «*“«■«  vial  I 

TT*  precured  solution  was  the^cooted  to  jL**  Cros$,inker 
and  filtered  again  throueh  in?  5f  1  ™°m  tempcratun 

up^ured  to  be  deep  otange  in  color  with  a  ZuFh  andLshin—g 

°™"  *■ « -c-o  -c. 
£-up.  The  upkul  K-k-itwpZ'dZZ  w^1!!?'.^; 
SLffl??.  *  ,0l“gg  l°  die  needle  eleeoode  wj  5^  “ 

oy  a  programmed  temperature  controller  tk-  ^  M 
for  a  waveguide  device  «...  a<  ***  o’*  curing  time 

temperature  was  probed  between  Z  iL,  ,  ^  g 
holder  and  not  at  the  omnia  .  heater  and  the  sample 

was  slightly  lower  tha2  Samp,C  t£mPeratu^ 

Poling  *1*  no  A  successftl1 

sssaaSSSss 

M-  on  ouupwen,  tmh^n-nn^Ude  OTO,  cow^!,tj^ 
“co— Ttarmomc  pnendoo  (SHO)  meas««me„L 

s.  Properties  of  Polymer  Materials 

infrar^  waveloreth  ^  window  covenng  the  near 

Z  2; 

(Rg.  2).  y  lpSOmCtry  ^  wavcguiding  methods 

sSTStZ  WOT  uUamctenred  by  both 

ZZ^Tat!^01*00”  —«— »•  A.  I064u»n 
ciettt  du  or  longs'  res0MKe  “ha»ced  SHO  coeffl- 
“?•  °f  l»  pnw  waa  moasored  |I7|.  Using  a  two- 
fevC  dupenioo  model.  an  EO  coolBeion  L  of  12  p^ 

nZ»“!  SZZZH2  ““  “  — EE. 

ometerS  f'71-  a  ^le-slit  interfer- 

'  modu,a‘ed  clhpsometry.  attenuated  total  internal 
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flection  and  waveguide  modulator.  The  E-O  coefficient 
of  a  well-poled  film  was  typically  12-14  pm/V  at  1.3  ,m 
wavelength.  The  SHG  signal  levels  of  PUR-DRI9  films  spur 

'ng  ‘lym  WCre  consis,em  w'*  *osc  directly 
p  on  ITO/glass  substrates,  indicating  that  most  of  the  poling 
voltage  was  dropped  across  the  PUR-DR  19  film. 

^d^oT'  St3biIity  of  second-order  nonlinearity  ol 
poled  PLR-DRI9  films  was  characterized  by  an  in  situ  SHG- 
temperature  ramping  method.  For  the  samples  cured  at  140 
C  heater  temperature,  the  SHG  signal  remained  stable  until 
the  sample  temperature  reaches  100  °C-I 10  °C.  as  shown  in 
*g-  .  or  samples  cured  at  higher  temperatures  (160  °C) 
long-term  stability  at  90  °C-was  observed  [171.  (20J.  During 
our  device  fabrication,  solvent  drying  and  baking  of  the  poled 
films  were  controlled  at  60  °C-65  “C.  which  showed  no  effect 
on  the  material  nonlinearity. 

III.  E-0  Polymer  Modulator  Design 

A  traveling-wave  integrated  E-O  modulator  is  generally 

tarbr°"  0f  °pdC31  wavcguidc  a  microwave 
aveguide.  The  optimized  parameters  of  both  waveguide 

structures  sometimes  conflicL  A  balanced  design  often  requires 
a  compromise  among  these  parameters.  In  our  modulator 
d«tgn.  we  have  focused  on  a  balanced  performance  among 
dnvmg  voltage,  frequency  response,  and  fabrication  process 

A.  Optical  Waveguide  Design 

StnJCtUrC’  ic’  3X1  E-°  P°‘ymcr  layer  sand- 
wiched  between  two  cladding  layers,  was  used  to  provide 

wa<  jlCOnd,nfmCnt  for  ^  °Ptical  wave-  Uteral  confinement 
timi,*?ieVed/fr0m  a  ndge  stn,cture  on  the  guiding  layer.  Op¬ 
timized  input/output  (I/O)  fiber  coupling  requires  a  waveguide 

°fH5  K  5  Mm  or  ,aiger-  Wc  have  compromised 
flexiwr>u  r2ftCh,"g  for  matcnaJ  compatibility  and  fabrication 
flexibility.  The  polyurethane  based  coaling  material.  Epoxylite 

ftwPURmnJ  ChCm,Cal  3X1(1  Properties  as  claddings 

or  PUR-DR  1 9  active  waveguide  layer.  It  has  a  lower  bulk 
resistivity  than  PUR-DR  19  to  facilitate  electric  field  poling, 
an  be  crosslmked  to  withstand  solvents  during  the  brief 
subsequent  l3yers*  3X1(1  can  ^  we‘  by  the  PUR- 
URI9  scHution  without  special  surface  treatment.  Because  of 
the  fixed  index  difference  between  guiding  laver  and  cladding 


layer,  we  can  only  optimize  the  waveguide  design  by  adjusting 

e  width  and  etch  depth  of  the  ridge  waveguide  structure, 
t-uture  optimization  in  vertical  dimension  can  be  achieved  by 
using  similar  cladding  materials  that  are  modified  to  yield 

*  Sm3l'er  'ndex  difference,  such  as  polymers  with  doped  or 
attached  chromophores. 

We  have  used  a  waveguide  width  of  5  ,im.  film  thickness 
13  urn.  and  an  etched  ndge  depth  of  0.2  pm  in  our 
device  fabncat.on  to  ensure  single-mode  operation,  which  has 
been  confirmed  by  experimental  observation.  In  addition  the 
different  cunng  procedures  for  upper  and  lower  cladding  layers 
rcsuhed  ,n  a  small  index  difference  for  the  cladding  layers 
which  allowed  a  slightly  larger  single-mode  waveguide  cross 
section  (up  to  7  /im  in  width)  with  an  etch  depth  of  6.2  urn 

Two  modulator  architectures  were  used  in  our  device  design- 
the  straight  channe!  modulator  architecture  and  the  integrated 
M-Z  interferometer  architecture,  as  shown  in  Fig  4  The 
modulauon  characteristics  of  the  two  modulator  architectures 
are  listed  in  Table  I  for  comparison.  The  straight  channel 
waveguide  modulators  can  be  used  as  phase  modulators,  when 
input  po  anzation  is  arranged  to  excite  transverse  electric  (TE) 
or  transverse  magnetic  (TM)  mode  only.  They  can  be  also  used 
as  intensity  modulators  when  the  input  polarization  is  ananged 
°  excite  TE  and  TM  modes  equally  with  a  compensator 
and  an  analyzer  at  the  output  end  [21 1.  Our  straight  channel  * 
modulators  were  typically  20-32  mm  long  with  electrodes 
12-30  mm  in  length.  The  modulation  arm  lengths  of  the 
M-Z  modulators  were  14-20  mm.  and  the  length  of  the  Y- 
branch  transition  with  a  continuous  S-bend  was  3  mm  at 
each  side.  As  shown  in  Table  I.  the  main  difference  between 
the  straight  channel  and  M-Z  modulator  is  that  the  M-Z 
modulator  can  exploit  the  largest  E-O  coefficient  r„  while 
straight  channel  modulator  utilizes  only  2/3  of  r33  for  intensity 
modulauon.  However,  for  the  same  dptical  waveguide  length, 
tf*  straight  channe!  device  allows  a  longer  electrode  while 
M  Z  modulators  need  extra  space  for  waveguide  branching 
and  combining.  & 


B.  Microstrip  Line  Electrode  Design 

TTie  microwave  circuit  design  of  the  PUR-DR  19  polymer 
modulators  was  based  on  the  integrated  microstrip  line  (MSL) 
structures.  The  advantages  of  such  structures  include  high  and 
uniform  interaction  field  distribution,  broad-band  frequency 
response,  and  suitability  for  corona  poling.  The  characteristic 
impedance  of  a  MSL  is  primarily  jletermined  by  the  ratio  of 
the  line  width  and  the  electrode  separation.  A  wider  electrode 
would  have  lower  characteristic  impedance,  and  vice  versa.  A 
50-n  transmission  line,  compatible  with  the  majority  of  the 
microwave  sources,  can  be  obtained  by  carefully  choosing  the 
width  and  separation  of  the  electrodes.  Based  on  the  measured 
relative  dielectric  constant  of  -3.2  for  PUR-DR  19  [20|  and 
2.5  estimated  for  cladding  polymer  layers,  we  have  numeri¬ 
cally  simulated  the  characteristics  of  the  MSL  structure  using 
commercial  microwave  simulation  software  <  Touchstone.  EE 
&>ftl.  The  width-to-gap  ratio  of  2.5-3.0  was  chosen  for  50- 

l  ,TP?ance-  For  3  tyPk:al  gaP  distance  of  IO-I2  pm. 
the  MSL  width  was  30-36  pm.  The  calculated  frequency 
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TABLE  I 

Characteiustk-s  or  Straight  Channel 

AND  M-Z  MOOULATORS 

- - - Mach-Zchndcr  Straight  Chuinpi 

iff 

V«L 

VidU<7 

_ _ _ _ 

1^  i  VJ  t17 

OpGcal  power  in 
active  wavep.ieU 

PJ2 

Pi 

Device  length 

L  +  Y  branch 

L 

after  poling,  and  patterned  as  an  etch  mask.  Then  ih. 

samples  underwent  an  oxvaen  r>i  e 

.  D irT  Jn  °*ygen  plasma  reactive  ion 

,RIE’  process  nc  «ch  conditions  such  as  RF  power  «*„  " 

prtsKur,.  und  How  *,  „ere  ,fmm  ^ 

mih  s  trc^r  ""in*  *  *•» 

eepeced  Jalae  P,°fi"r  “d  W“  iKK-'of  du 

film' » <lo!l'^op'c^di?g"r“r,A  to  Pa,,r~d  P°'ym«, 

:r;;“  spul,wed  °n  die  lop  surface  and  was  thencovw^ 
,th  a  photoresist  layer.  A  gold  MSL  eleriroH.  ^ 

and  electroplated  to  a  thicks  of  r  .? 

cleaning  off  the  mask  attd  t,  e^  C  £5?  * 
P-eces  (clamping  plates,  were  mounted  on  b^hTnd!  TrT 
waveguides  to  sandwich  the  polymer  layers  between  £* 
lamping  pieces  and  the  substrate  Such  a  stnii*iir» 

^ritsSrSS!? 

»«itsri52?5 

fished  wife  ,  6ber  “»  “TO 

A  Packaging 

fZT.ZTZ"*"*  ’V  E-°  P°l,mer  —M**  prt- 

aging  are  nigged  strecture,  fiber  pigtail,  convener  Ji. 
connection,  and  standard  50-fl  RF  mu  o.  A  *btas 


microwave  interface  to  the  MSL  —  ~  80 

structu^t^M^GHz^^h^1101  **  this  simp,e  MSL  diretLTHh?,^^  P‘gtaiHn*  was  to  bond  I/O  fibec 

sSSgsgSSS  55?SHSSS= 

J  ^Tas  lmpedanCC  «-*-«£.  input  fib«  ^  2  2|J£* 

considerations.  SuITg1  rfho.,  ode,  g““*o°-  Htt  pdrfhed  fenule  «  fa, 

in  low  driving  vohaw  2!^  fP  des,*n  wouW  ««*  b^Twaf STi^  ?*  po,yroer  wave«uide’  and  then  a  laser 
microwave  ££  a^Teh^T!^  *“  COuW  ^  *  higher  2? “  M°  “«  °P*^  fiber.  TT*  output  po^ 

■5SJ' 


fi.j.iu.rfed 

isr^  rs?  I’rrrLr* 

*eend  walls  wuh  em,  ,!*«,  a*  roMw,  ^  f„  ,J, 

#bm  •«*  fee  M-Z  and  straight 

tanncl  modulators.  A  mmiUr  _ ±  _  *>• 


IV.  device  Fabrication  and  Packaging 
acmilyS^fronf^?0”  “  ^  devk*  fabrication  process 

SCLtrar  -  ou^t  fihets  were  different  for  M  Z  and  tra’ 

adjusted  for  the  maximum  extinction  ratio.  The  variabl 
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F'g  5.  Photograph  of  a  packaged  M-Z 


modulator. 


phase  compensation  was  achieved  via  ih,  cn  et 
*■  *«*  — 

with  P7  fitv.  a  t°f  freespace  compensator  and  polarizer 

TJZ£l  Tea  lt'm  -^compensator's 

modulator.  mpact,  nigged  straight  channel  intensity 

To  launch  a  microwave  signal  from  a  source  to  the  50-0 

:?»£SSr;“' 

fc*i«  kSTT”'*  p>d“*i"8  “*  i",0“sl>  **•* 

•te  lJPraVe  *  “"•»  »  »  intro- 

Z!  ^  “d  “pered  "*»“<»> 10  Be  MSL.  We  haw 

««d  recung«l»  cooact  pa*  .m  Bra( 

*hc  wide  contaa  pads  and  the  50-0  mci  oetween 

In  order  to  achiev^wide  hamTr  MSL  “  0Mr  modulators- 
0RI9  modulators,  the  si ^  “*  PUR* 
optimized  to  sunnorTth  of  ^  pads  ^  the  transitions  were 

while  maintaining  good  S^l"  "T*”*65  UP  to  60  GH* 
la..n/*k-~  .  *  g  e,ectnca 1  contact  to  the  microwave 

££?  ~  roo.  ^  JHS 

In  our  packaged  modulators,  as  shown  in  Fie  5  riw  ^ 

SToSS*  STL*?, 

userf  rn  y’  a  Uny  of  conducting  epoxy  was 

si  ~ 

connector  was  used  for  a  u*  nancc  A  oc  feedthrough 
External  50-0  microwave  teanmatJTw'i  ££  m0dU,a‘0rS- 


of  *  P*^*^  M-Z  modulator  ar 

swyt'ssr H  *' modu,iwr  ^ 


V.  Modulator  Tests 

=5a~aai 

JTJJ  ^U,ation  fluency' ^XwreSSnTR? 


>4.  Performance  Tests 

rOMM*-*"*  V<>,,a^  Givcn  ***  optical  modulation  inde' 
(OMI)  man  externally  modulated  fiber-optic  transmitter  A 
required  dnvmg  power  is  derived  from  modulator  s  V',.  w’hS 

L  SSL*  "*  — E  0  Efficient  devii  22 

wavegtlT^  8e0meay*  “d  modal  *  the  optica 

We  tested  a  packaged  PUR-DR  1 9  M-Z  modulator  with  15 

Sa“T-  b>  *— «  in  each 

The  MSL-ground  separation  was  11  Mm.  11k  electrodes  were 

m  a  push-pull  configuration  so  that  the  modulation 
fieWs  had  opposite  diractioos  on  the  two  anns  JnSTSS 
moduJamr.  A  bias-tee  was  used  to  couple  Ste  2taJJ2 
one  of  the  modulator  electrodes.  n,e  output  optical  bealflas 

conve^T 

\ SW^tsss 

conhg^.  S  £leVr  2SST7.  was^1 

From  Ae  measured  V,  and  Ae  waveguide  geometry  „  £ 
O  coefficient  r33  of  13  pm/V  was  obtained  when  alrffective 
overlap  integral  value  [13J  of  0.75  was  taken 

leneA^r  °f  36-55  V'  dePeodta*  the  electrode 

lengA  and  gap  distance,  were  measured  for  the  straight  channel 

wavegu.de  intensity  modulators.  The  higher  t;  ies  werc 

ne.^  rC  the  CffCCtiVe  E*°  C0Cfficien‘  for  straight  chin 
melTr  ar  fmal,er  !han  ^  of  “  M-Z  device,  as  listed 
.  The  lower  l  *  can  be  obtained  by  using  longer 

E  O^ffiWhCn  rW'dC  bandWid‘h  is  no*  “*  main  concern.  ^ 
E-O  coefficient  from  l .  measurement  was  similar  to  that  from 

,Z  Tdu  at0rs  **  was  consistent  wiA  SHG  extrapolation 
and  other  measurements  f  19}. 

tVin  egm*  Loss  and  D™<  <  ,nsertum  U,ss.  The  total  de¬ 
vice  insertion  loss  was  Ae  sum  of  the  waveguide  prop¬ 
agation  loss  and  Ae  fiber-wavegu, de-fiber  cou'JI Ag 
The  waveguide  propagation  loss  was  a  collection  of  the 
losses  from  material  intrinsic  absorption,  waveguide/dadding 


layer  scattering,  and  poling  induced  scattering  (231.  A,  r  v 

exhibited  ^1-dB/cm  SI  <  P'a"ar  wavegu'de: s 

1221.  C4|.  To  rind  dm  lo bv  fi.R  a"™'  ***** 
waveguide  losses  ,  ’  E'  We  comPared  the 

process  „  ,  ^vegu.de  before  and  after  the  RIE 

increase  in  wavST*  **“!!*  COnditionS* "°  Si*nlficam 

packaged  PUR  OR  o  '?  W“  (221’  (241‘  For  our 

was  dominated  bv^the  S*™  ^  '<** 

mtnaiea  by  the  hber-waveguide-fiber  coupline  loss  due 

sices  of  the  PUR  DrTo  **  Wavc*u[d' 

5-7-nm  wide  The  modula,°^  were  1.3-^m  thick  and 

DR19  waveguide  (cross' "T''"8  *"*  ^  PUR‘ 
numerically  to  be  5  0  ±  0  2  dB/fac^Th  ,/‘m,  was  cstl mated 
their  distribution  of  the  .e  f  dB/f  * J  The  lnscrt,on  losses  and 

SSsaSESS 

■«  « «  wJb.  «5 

coupling  loss  from  the  m*  VCgU'  C  cooP’inE-  ~VdB  output 
2.5 1  Cwa,LlL TT1*  °bj““V''  “d  >»»*  d 
mission  .iS,^™”*  ,n  wawe“id«  to 

“altir  °f  ^  »d  ^  « 

a  waveguide  8?u  pr0paga,,on  loss  werc  confirmed  by  using 
JTSfSf  CUt‘back  mcthod- »  which  the  fiber-to-wavegu  de 
loss  and  the  propagation  loss  of  PUR-DR  19  waveguide!8  “ 
measured  ac  ao/c  .  waveguides  were 

fmm  s  \,~Z  modulator  array  with  waveguide  widths 
was  |3JdB  V  Mm  S€paratCd  by  250  m-  T1*  ««age  Tss 
the  waveguide  l?'  h°  v?'tage  was  aPP,ie<1  f°r  quadramre  bias 
the  straight  dLlSt^t^,W,K?“gh,,y  lar*er  of 

asymmetry  of  the  inr^rf  miks%  wh,ch  ma-v  rcsult  fvom  small 
loss  of  a  packaged  ^^oV?^  ^ 

when  i  HDrt;  ruK  DRI9  M~z  modulator  was  -15  dB 
were  due  to  t^^h^i”5  11“  ““  losses 

- £=*“?  — '*■* 

to  polymer”^ 

tfe^  Sh°w“l  hi8h“  C0l"rast  r*,i“  “»» 

Cteio^  P“»  rnll  t  °bVi0,,S,>'  d“  “«°“P«"* 
leaked  through  a*  cla2£  ^wtohMked  me  light 
Good  optical  on-nff  «.•  8  °  ,atlercd  by  *e  waveguide, 

modulators,  as  iisted  in  ?ab7en  ^  fa”  "*  paCkaeed 

PUR^DFU9"mo<hn<T,a  The  microwave  characteristics  of  our 
for  m.i™»eU  ""aS'md  *  •  "»»<>*  analyse, 
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(includi"8  two  90°  bend)  MSL  electrode.  The  measured  5 

aX^‘^Tl”!SSZi20  GHZ-  'in,ittd  *»  ,h'  “‘wort 

coupling  loss)  ^J?,ated  m,crowave  loss  (including  the 

GHz*/2)  The  reflectiw  5ne“Ured  ^21  ab°Ut  0  56  dB/(cm- 
,eHn  ’J  ,rcncctJOil  5m  measurement  showed  a  better  than 
15  dB  return  loss  and  good  impKiancc  matching.  At  10  Gp^ 
the  measured  impedance  was  52.4  +  i0  2  fi  "** 

an^L?^  W“  to®1  °"  a  lightwave  signal 

zszsr' 

2.-*- ‘-srrss-  vr^sz 

response  can  be  explained  by  the  fact  that  the  9  T 

the  total  losses  of  the  e„n„  .  *  Sn  measurcs 

i#o|  . .  entire  microwave  circuit  including  the 

Sstrr  ",|  co"Mc,°n- whi,e  to  ligho,.*"8^ 

msults  fnm  the  tnteraedoo  electrode  length  (i  5  cml  and 
Itose  mismatch.  Fn,  highm  6e,ueneira.  an  oprieal  he^d™ 

eess  ffrs  *- 

.  ^  broad-band  response  from  2  60  GH7 

IS  s  wn  in  Rg.  10  for  an  earlier  straight  channel  modulator. 

B.  Modulator  Stability  Tens 

po^r  ^Im^sTwM  S'i??13'? 10  uC  app,ication  of 
alionmmnr  ZL-,  realized  earlier  that  the  molecular 

alignment  stab,",,  over  dm  Bfmtim.  of  dm  device  at  dm 
adowed  environment  conditions  was  one  of  dm  most  imporom, 

ia«  when  tesearohem^scovetd^SoT  STJS 
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•98  3.11  kHz 

**•’  ^  frequ«ncy  response  of  a  M-Z  modulator 

wgnal  analyzer  from  2.7  to  IS  GHz. 

damage  in  E-0  polymers  with  a  dimethylaminonitrostilbene 
<DANS)  chromophore  [25],  Another  liability  issue  addressed 
recently  was  the  dc-bias  stability  of  the  modulators  during 
long-term  operation  126|.  Hie  tests  of  the  temporal  stability 
optical  power  handling  capability,  and  modulator  bias  stability 
*e!*  IT  ,cemef  of  our  dev'ce  stability  measurements. 

Half-Wave  Voltage  Stability:  To  maintain  a  stable  OMI  in 
an  externally  modulated  RF  link,  a  stable  V,  is  required  for 
the  E-0  modulator.  The  packaged  E-O  polvmer  modulators 
provided  Us  a  convenient  way  to  repetitively  monitor  the  l  r 
ofmodu.au  a  long  period  of  lime.  The  stability  of  our 

in  ptbosiu'  ?flCCtS  the  chromophore  alignment  stability 
PLR-LRI9  polymer.  At  room  temperature,  the  PUR-0RI9 
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F«t  II.  The  halfwave  votuge  stability  of  a  packaged  modulator  stored  al 
room  temperature. 

modulator  showed  a  very  stable  temporal  behavior,  no  de¬ 
tectable  Vw  change  was  observed  over  a  period  of  *-300 
days,  as  shown  in  Fig.  11.  In  fact,  although  the  modulator 
was  mainly  stored  at  room  temperature,  it  has  been  used  in 
various  device  tests  including  long-term  bias  stability  and  was 
occasionally  cycled  up  to  ~60  #C. 

Photochemical  Stability:  Typical  externally  modulated  ana¬ 
log  fiber-optic  transmitters  require  an  output  optical  power 
between  1-30  mW.  The  corresponding  input  power  is  3-230 
tnW  which  translates  to  an  optical  intensity  on  the  order  of 
10*— 10®  W/cm2  inside  the  waveguide.  These  intensity  levels 
are  well  below  the  conventional  damage  threshold  of  the 
polymers  at  near  infrared.  However,  the  small  photosensitivity 
of  certain  chromophores  often  results  in  a  slow  degradation 
of  the  material  properties.  Since  a  practical  component  must 
be  reliable  in  field  service  for  a  number  of  years  with  a 
low  failure  rate,  the  endurance  of  the  polymer  devices  under 
continuous  photoillumination  is  of  vital  importance  for  the 
commercialization  of  polymer  photonic  devices. 

We  have  tested  the  photochemical  stability  over  a  spectral 
span  from  543  nm  visible  to  1320  near  infrared  wavelengths 
for  PUR-DR  1 9  polymer  films  (27|.  Except  for  the  photoin- 
duced  depoling  effect  at  visible  wavelengths.  PUR-DRI9  films 
were  quite  stable  at  infrared  wavelengths  for  low  intensities, 
which  was  evidenced  by  our  packaged  modulators  operating 
for  weeks  during  bias  stability  tests  at  ~  10-mW  1 320-nm  input 
power  without  showing  any  degradation.  In  our  high  optical 
power  test,  a  straight  channel  waveguide  was  directly  pigtailed 
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7  Me*«“wnent  Time  (Hour) 

exposure  u^unTn7^  ’^g*  «  * 


mW  B^nm  Nd^YAG^"^  l°  afibcr  COUp,ed  150 

between  two  pieces  of  quartzites'^' ^  Sfndwiched 

air.  The  output  of  the  wavemifd,.  d  W8S  ,solated  fro,n 
hours,  as  shown  in  Fie.  12* n  mon,torfd  over  300 

level,  the  waveguide  output  exhihir  a*'  31  high  input  P°wer 
structure,  an  indication  o^doss^w!^?  “"plcasant  oratory 
in  the  test  PUR-DR  19  waveguide  phDtochcmical  degradation 
osing  DANS  containing  po^ ^  ^ 
optical  transmission  decay^,*  in  PW  DR19  *  T*  ** 
of  magnitude  slower  than  those  in  ^7°*  9  W“  "2  ondcrs 
chromophore.  **  n  Polymers  with  the  DANS 

wideband  analog#tfSi^n^,/^^.PCrf^ance  multioctave 

tai»j  hamK^dSrrr0"  !ys“"“  "*«  ■*- 

mization  of  the  corn^T  <1  T‘  signaJs-  H*  mini¬ 
mally  achieved  by  apnlvino  °^L  ^CSO*  distortion  is 
dc-bias  port  of  an  fZz  ZZT'  **"  V0,ttge  *  “* 

°PCrati0n  P°int-  Because  of  SO<a,,ed 

of  modulators,  electrical  charoM  ^  a^cr  structure 

bou"<bn's  *■««»  «. 

service  time.  The  chante  *7^.  regl0ns  after  cena»n  , 
screen  out  the  extemaTLnlvTT 300n  ^  cnhance  or  , 

a-W.  *e  M  >*  I**™.  , 

well-documented  for  some  cmtair  ***1 *****  obscrved  *nd  i 
In  polymer  devices,  little  SSr  f29l-  c 

stability  until  recently  (MJ,  ™^bv"“  Ti  *  “*  <k'bias  1 
applications,  the  low  CSO  disrLti  °T  y  for  com*l*«rcial  C 

requires  that  the  deviatiwi  of  thlSh^t,0n-°f  ana^°8  system  s 

Pointbe  within  P 

ctreutt  ,s  required  to  provide  **  COntrol  " 

smaller  the  bias  driftingramre  i/L  b,as  controL  Hie 
design  will  be.  TVrefo<e,  V^“'lf  CO"'ro‘  cta,i' 

traceable  within  a  certain  ranee  *  P010*  must  be 

Hie  PUR-DR  19  modulate  e^hiwST"5  rcUtive,y  **te.  hi 
voltage  in  our  tests.  A  comnm  ^  *  traceable  dc-bias  tn 
control  circuit  was  used  m  contro!,cd  automatic  bias  ex 
over  a  period  "*.?***  **“**  * 

to  the  RF  pon  as  a  PZ <£  ^  H**  fa 

was  detected  by  a  ph^oreceiver  ^  °ptical  siS"aI  m< 
frequency  (2 /)  of  t he  pifoTtone  ^  **  S^nd'harmonic  acl 
«n  amplifier.  The  compter  monitoL"^'1?5?  *  *°ck‘  mc 


0  “  «  «  * — iis—1 

Measurement  Tune  (hours) 

ISO  The  recorded  by  ,he  cornPntcr 

“  module, » have , *»  PUR-DRI9  M.z 
om  age  fluctuation  during  a  I llh £«•  d"ft'  ^  bias  volt- 
»  »f  v.. « sbo»„  io% 

comiuuom  dnft  of  b"U,i"-  '  »•.  a 

*y  observed.  To  further  investigate  d  m  1301  Was 

on  a  large  perturbation  we  nurooseiv  ^  V°  U®e  stability  under 
Its  to  the  adjacent  ouadrar,,  y  switched  the  bias  voltage 

”  was  always  drifting  against  theTxteJ^^"  **  *** 

:  sre 

l*  commercial  testing  eQuiDm^^grIua,,^  P^^^res  and 

5  Generator.  HP  Lightw^  Am^L  Mu,tiPlc  Signal 

6  optical  receiver).  With  an  OM  I  ?  IPITEK®  CATV 

|  (1  mW)  received  o^c“^t,L  *  "?*?  °  dBm 
■  obtained  at  55.25  MHz  for  isrrqr  rM^'"^U^,ty  ^  s'®IKd  was 
5  Committee)  a^Rg^^  Television  System 

!  canier-to-noise  ratio  was  53  dB  C9lcalated 

noise,  which  was  the  same  as  rh.»  ^  ^  rece,ver  shot 
system  using  a  LiNb03  mtdulat^  -T^0^  *  commcrc'al 
was  larger  than  that  for  LiNbO  m<v4  ^“‘"d  driving  power 
of  the  test  polymer  nwtn?°3  moduIat0rs  because  the  Vx 
DRI9  moduEl^  ^  W3S  highcr  Hie  test  PUR. 
CATV  signals  to  ^ 

"** rofc » *•  pI*-v  * 

VI.  Conclusion 

e-° — — 

material.  A  cotSe„sl^ 'br*?eA  bascd  on  the  PUR-DR  1 9 
exhibited  a  pusC  V,  of' n VfaM  ?lStabi,ity  *«  ^ 

K  stability,  anduaceable  I  w  f  ^~Z  deV,Ces>  ,on8*tenn 

Rooney ^Sponsr^20^i,“  V°IUge-  A  relative,y  «« 

modulator  °HZ  Was  in  an  M-Z 

achieved  in  a  str^Trf^0^,^ operation  up  to  60  GHz  was 
modulators  have  alsfbe^S  ™du,.at0r-  ^  PUR-DRI9 
mput  and  output  intorface.T^^^^  ** 

***  — — ■  H«  i^^Teteu' 
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inserted  into  analog  data  links.  A  carrier-to-noise  ratio  of  53 
dB  and  an  80  CATV -channel  loading  were  obtained. 

ur  study  on  the  E-0  polymer  modulators  showed  that 
„.{*!  ; mer  film  Processing  technology  offers  unique 
flexibility  in  device  design  and  fabrication.  Buried  channel 
waveguide  structures  can  be  defined  with  spin-casting  and 

ZTJZ1  r'°n  ",Ching  mcthods-  Sifnpl<  P^ar  electrodes  can 
be  used  for  broad-band  devices  because  of  the  small  intrinsic 
velocity  mismatch  between  optical  and  modulation  waves 

ofthfp'n  dCm°nStraled  **  he  overall  performances 
o  “*  E*°  Polymer  modulators  have  been  improved  and  are 
approaching  those  of  crystalline  materials. 

°“r  CUr7"‘  and  futurc  efforts  will  be  focused  on  the 
reduction  of  I/O  coupling  loss  using  a  better  mode  matching 


aa  'l.fBQ  Z8|  tm  of  ?!  °p,ical  power  ha- 

-?M9  dB  I  £r  ?7rA  3  /t,n  wavclen8tl1  by  using  a  double -end 
IHCROURVH  crosslinked  E-0  polymer  [31], 
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AAsfrac/— We  demonstrated  some  of  the  critical  technology  that 
is  needed  for  the  monolithic  integration  of  polymer  electrooptic 
modulators  and  VLSI  circuitry  by  fabricating  and  testing  a  phase 
slab  modulator  on  nonpianar  VLSI  circuits.  We  demonstrated 
the  survival  of  GaAs  MESFET’s  to  the  high-voltage  poling  and 
polymer  modulator  fabrication  procedures.  We  also  implemented 
an  electrical  interconnect  scheme  between  the  electronics  and 
photonics  layers. 


POLYMER  electrooptic  (EO)  materials  have  two  signif¬ 
icant  and  unique  advantages  for  device  applications  in 
opto-electronic  systems.  First,  the  low  dispersion  in  the  index 
of  refraction  of  polymers,  from  the  infrared  to  millimeter  wave 
region  of  the  electromagnetic  spectrum,  permits  traveling  wave 
infrared  modulators  to  operate  at  very  high  modulation  fre¬ 
quencies  (>100  GHz)  with  relatively  long  interaction  lengths 
(~1  cm)  [1],  [2].  Second,  their  flexibility  for  device  processing 
makes  it  possible  to  monolithically  integrate  EO  polymer 
devices  with  semiconductor  electronics  to  achieve  robust  and 
low  cost  high  speed  opto-electronics.  For  example,  the  spin" 
casting  method  of  depositing  multilayer  polymer  thin  films  can 
be  used  to  fabricate  active  EO  polymer  devices  directly  on  top 
of  pre-processed  silicon  or  HI-V  signal  processing  and  drive 
electronics.  In  contrast,  monolithic  integration  of  alternative 
crystalline  EO  materials  such  as  LiNbOa  on  semiconductor 
electronics  is  very  difficult.  Guided-wave  structures  such  as 
waveguides,  bends,  and  couplers  have  been  demonstrated  in 
polymers  using  standard  microfabrication  technology  [3],  In 
addition,  polymers  offer  the  potential  advantages  of  molecular 
engineering,  where  the  electrical  and  optical  properties  can  be 
tailored  by  organic  synthesis,  and  large  EO  coefficients  and 
low  drive  voltages  may  be  possible  by  the  incorporation  of 
molecules  with  large  NLO  effects  [4], 


There  are  several  potential  applications  for  integrated 
polymer-semiconductor  optoelectronics.  Optical  communi¬ 
cation  network  architectures  such  as  deflection  routing  or  the 

hot  potato”  network  [5],  require  smart  switching  nodes. 
In  these  systems,  the  address  of  an  incoming  packet  is 
detected  and  recognized  and  the  node  switches  the  packet 
accordingly.  The  polymer-Si  optoelectronics  technology  would 
enable  the  detection,  recognition  electronics,  and  the  optical 
switch  to  be  integrated  on  a  single  substrate.  In  addition, 
for  emerging  CATV  applications  where  linearity  and  stability 
are  critical  issues,  one  can  integrate  bias  point  stability  and 
signal  pre-distortion  electronics  on  the  same  chip  as  the  EO 
modulator. 

’  Of  the  many  architectures  possible  for  polymer  optoelec¬ 
tronics  [6],  we  have  chosen  a  vertical  integration  approach. 
Here,  the  polymer  device  is  integrated  directly  above  the 
electronic  devices  with  a  thick  intermediate  dielectric  layer  for 
isolation  and  planarization.  Vias  etched  in  this  planarization 
layer  will  provide  the  electrical  interconnection  pathways. 
One  example  where  this  approach  has  been  used  is  for  the 
integration  of  etalon  modulators  on  logic  circuitry  [7],  Our 
monolithic  polymer-Si  integration  approach  is  also  compatible 
with  the  Si  optical  breadboard  concept  where  u-groove  tech¬ 
nology  is  used  to  align  the  fiber  inputs  and  outputs  [8],  [9], 
The  success  of  any  polymer-Si  integration  scheme  depends 
on  several  key  issues.  For  example,  the  effectiveness  of  the 
planarization  process  is  critical  for  vertical  integration  since 
this  determines  the  quality  of  the  fabricated  devices.  Simple 
schemes  to  implement  the  interconnection  pathways  must  also 
be  found.  The  effect  of  the  active  polymer  device  fabrication 
process — such  as  high  voltage  poling — on  the  degradation 
of  the  underlying  electronics  must  be  studied.  Solutions  to 
these  issues  are  demonstrated  in  this  letter.  In  earlier  work. 
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we  reported  on  our  progress  toward  the  v-groove  coupling  of 
single  mode  fibers  to  the  on-chip  polymer  devices  [9]. 

Optical  waveguides  must  be  fabricated  on  smooth  surfaces. 
This  requirement  places  strict  constraints  on  the  quality  of 
optical  substrates.  Roughness  on  the  substrate  translates  to 
the  waveguides  and  results  in  large  optical  scattering  losses. 
Therefore,  effective  global  planarization  of  the  surface  topol¬ 
ogy  of  the  Si  circuits  is  critical  for  the  success  of  the 
vertical  integration  scheme.  EO  polymers,  cladding  polymers, 
photoresists,  and  so  forth  have  a  limited  capability  for  large 
area  planarization.  The  PC 3 -6000  (Futurrex)  planarizing  poly¬ 
mer  works  well  in  this  application,  since  it  is  quite  viscous 
compared  to  the  photoresist  type  of  polymer  and  achieves 
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Fig.  I.  Photograph  of  prism  incoupled  (bright  spot  on  left)  and  outcoupled 
light  (bnght  spot  on  nght)  from  slab  waveguide  fabricated  on  planarized  VLSI 
circuits.  The  underlying  circuits  can  also  be  seen  clearly.  The  distance  between 
prisms  is  approximately  l  cm. 


some  degree  of  planarization  directly  after  spinning.  Moreover, 
at  elevated  temperatures  (200  °C),  the  material  reflows  from 
the  peaks  to  the  troughs  and  thus  further  smoothens  out  the 
topology.  The  features  on  the  Si  circuits  in  Fig.  1  were  1 
/tm  to  6  /xm  high  before  planarization  and  less  than  0.2  /xm 
high  after  planarization  [6].  We  have  successfully  planarized 
more  than  3  cm2  areas  of  the  substrate.  A  good  test  for 
the  quality  of  the  planarization  for  photonics  applications 
is  to  make  propagation  loss  measurements  for  waveguides 
fabricated  on  these  "optical"  substrates.  A  slab  waveguide 
structure  fabricated  on  a  planarized  substrate  and  consisting 
of  an  epoxy  lower  cladding  and  a  higher  index  polymer 
guiding  layer  demonstrated  low  loss  propagation  (Fig.  1). 
The  waveguide  loss  measured  at  the  1.06-/xm  wavelength, 
using  prism  coupling  and  the  scattering-detection  method  [10] 
was  less  than  1  dB/cm,  which  is  the  resolution  limit  of 
our  loss  set-up.  Moreover,  loss  measurements  performed  on 
similar  waveguides  fabricated  on  polished  Si  substrates  yielded 
comparable  results. 

A  demonstration  phase  modulator  was  fabricated  and  tested 
on  the  planarized  circuits.  The  structure  of  the  fabricated 
slab  modulator  is  shown  in  the  inset  of  Fig.  2.  Polymer 
layers  were  spin  coated  and  metal  layers  were  evaporated  [6]. 
The  PUDR19  EO  polymer  layer,  shown  in  the  figure,  was 
high  voltage  corona  poled  to  induce  the  noncentrosymmetry 
required  for  x properties.  From  previous  measurements,  we 
estimate  an  r33  of  13  pm/V  (at  1.3  /xm)  after  corona  poling 
[11].  After  poling,  this  layer  was  capped  by  a  thin  (0.2  /x m) 
polysiloxane  spin  on  glass  (SOG)  layer  that  acts  as  an  etch  stop 
during  subsequent  oxygen  plasma  etching.  Since  this  layer 
is  a  fraction  of  the  thicknesses  of  the  other  polymer  layers 
(claddings  are  ~5  /xm  thick,  PUDR19  is  ~  1  /xm  thick),  it 
does  not  significantly  affect  the  modulation  field  in  the  active 
layer.  Furthermore,  we  suspect  that  our  nonthermal  procedure 
(we  use  an  02  plasma)  for  curing/setting  SOG  [6],  makes 
its  conductivity  comparable  to  the  other  polymers.  The  gold 
upper  electrode  was  0.5  cm  long  and  0.2  /xm  thick.  The  device 
was  tested  in  an  external  Mach-Zehnder  interferometer  at  the 
1.06  /xm  wavelength.  The  ac  component  of  the  recombined 
light  from  the  interferometer  was  measured.  The  upper  trace 
in  Fig.  2  shows  the  applied  voltage  signal  at  1  kHz.  The 
lower  trace  shows  the  detected  intensity  modulation  signal. 
The  figure  shows  that  there  was  no  modulation  when  either 
arm  of  the  interferometer  was  blocked  and  a  strong  modulation 
signal  was  seen  when  light  was  allowed  to  recombine  and 
interfere.  The  variation  in  amplitude  of  the  modulated  signal 


time  (msecs) 


Fig.  2.  Polymer  slab  modulator  testing  results.  Upper  curve  is  applied 
ac  voltage.  Lower  curve  (solid  line)  shows  detected  modulation  intensity. 
Dashed  curves  show  modulation  intensity  when  either  arm  of  interferometer 
ts  blocked.  (Inset):  Cross-section  schematic  of  fabricated  multilayer  polymer 
slab  modulator. 


seen  in  the  figure  is  due  to  the  instability  of  the  interference 
pattern.  This  experiment  demonstrates  that  devices  such  as  the 
60  GHz  channel  phase  modulator  [1]  (which  used  the  same 
material  systems  and  fabrication  procedures)  can  be  easily 
integrated. 

To  orient  the  molecular  dipoles  in  the  polymer  matrix  dc 
fields  exceeding  200  V//xm  (corona  poling)  are  often  used. 
Therefore,  degradation  of  the  electronics  during  the  poling 
and  modulator  fabrication  processes  is  a  serious  concern.  The 
sensitivity  of  electronic  circuits  to  these  processes  was  tested 
by  subjecting  GaAs  MESFET’s  to  various  device  fabrication 
procedures  such  as,  poling,  planarizing  and  RIE  etching.  The 
circuits  were  planarized  at  200  °C  and  then  coated  with 
a  film  of  water  soluble  polyvinylalcohol  (PVA),  Cr  metal 
and  polymer.  The  metal  layer  is  necessary  for  microstrip 
line  electrode  geometry  modulators  and  functions  both  as 
a  ground  plane  for  subsequent  poling  and  as  a  shielding 
layer  for  the  underlying  electronics.  A  corona  poling  profile 
typical  for  most  of  our  device  polymers,  140  °C  for  45 
minutes  and  corona  needle  voltage  of  6  kV,  was  used  to 
simulate  the  poling  conditions.  After  the  PVA,  metal  and  poled 
polymer  layers  were  removed  in  de- ionized  water,  the  substrate 
was  transferred  to  a  RIE  chamber  where  the  planarizing 
polymer  was  etched  off  in  an  02  plasma.  The  plasma  etching 
parameters  were:  150  W  RF  power,  200  mTorr  02  pressure 
and  15  minutes  etch  time.  These  parameters  are  more  than 
adequate  for  the  etching  requirements  of  normal  polymer 
ridge  waveguide  fabrication  [3].  For  samples  where  the  metal 
ground  plane  was  not  deposited  and  the  ground  contact  was 
made  directly  on  the  GaAs  substrate,  complete  degradation 
of  the  MESFET  devices  was  seen  [Fig.  3(a)].  On  the  other 
hand,  devices  where  the  metal  ground  plane  protection  was 
used  showed  no  degradation  after  the  poling  and  fabrication 
processes  [Fig.  3(b)]. 

Electrical  interconnections  between  the  electronics  and  the 
photonics  (modulator)  planes  require  vias  fabricated  through 
the  various  layers.  These  vias  need  to  penetrate  through  a 
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Fig.  3.  Protection  of  GaAs  MESFHT*s  during  polymer  high  voltage  poling 
and  device  fabrication  procedures,  (a)  /-V  of  device  placed  in  poling  stage 
without  the  protection  of  a  ground  plane  is  shown  and  indicates  complete 
degradation,  (b)  Device  whose  /-V  is  shown  was  protected  with  a  metal 
ground  plane  and  shows  no  degradation  after  poling/fabrication  procedure. 

very  thick  (>6  nm)  layer  of  polymer  planarizing  material 
and  since  the  photoresists  used  to  lithographically  define  the 
masks  for  these  vias  are  also  polymers,  the  RJE  O2  plasma 
etch  selectivity  between  these  two  polymer  materials  is  very 
poor.  Therefore,  techniques  for  transferring  patterned  vias  in 
photoresist  to  underlying  polymer  layers  were  investigated. 
One  method  is  to  use  a  simple  trilayer  processing  technique. 
Here,  a  thin  intermediate  RIE  barrier  layer  is  used  to  transfer 
a  pattern  defined  in  a  thin  layer  of  photoresist  to  the  thick 
planarizing  layer.  The  main  feature  of  this  technique  is  that  the 
intermediate  layer  and  the  photoresist/planarizer  layers  each 
etch  in  a  different  reactive  ion  gas  plasma  species.  A  cross- 
section  diagram  of  the  test  structure  designed  to  demonstrate 
the  viability  of  this  interconnection  scheme  is  shown  in  Fig.  4. 
First,  the  metal  areas  A  and  B  were  defined  on  a  glass  substrate 
and  coated  with  the  thick  planarizing  polymer  layer,  SOG 
layer  and  photoresist.  As  a  barrier  material,  SOG  (Futurrex) 
provides  the  most  processing  flexibility.  The  excellent  O^ 
etch  selectivity  between  this  material  and  organic  polymers 
is  due  to  the  high  Si  content  of  the  cured  SOG.  An  array  of 
small  rectangular  holes  were  defined  in  the  photoresist,  and 
CF4  plasma  was  used  to  etch  the  SOG  intermediate  layer 
with  this  photoresist  mask.  Subsequently,  an  Oo  plasma  was 


Fig.  4.  Schematic  of  test  structure  to  demonstrate  one  possible  scheme  for 
realizing  vertical  electrical  interconnects. 

used  to  pattern  the  underlying  planarizer  (SOG  is  now  the 
mask).  Finally,  metal  patch  C  was  defined  by  shadow  masking. 
Continuity  measurements  before  and  after  the  second  metal 
evaporation  indicate  that  the  two  initially  isolated  metal  areas 
A  and  B  are  now  connected  by  metal  patch  C.  This  technique 
is  compatible  with  the  fabrication  of  practical  active  polymer 
devices  since  it  is  possible  to  process  SOG  at  low  temperatures 
[6]  and  since  only  standard  resists  and  processing  techniques 
were  used. 

In  summaiy,  we  demonstrated  for  the  first  time,  a  polymer 
electrooptic  waveguide  modulator  monolithically  integrated  on 
nonpianar  VLSI  circuits.  We  also  demonstrated  the  survival  of 
GaAs  MESFET’s  to  the  polymer  poling  and  device  fabrication 
procedures.  Finally,  we  proposed  and  demonstrated  a  trilayer 
processing  scheme  for  performing  interconnects  between  the 
photonics  and  electronics  layers. 
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Abstract—  Polymer  waveguides  with  low  optical  losses  are 
becoming  increasingly  important  for  photonic  circuits.  Among 
these,  polyimide  waveguides  have  properties  which  distinguish 
them  as  a  versatile  interconnect  medium  for  practical  optoelec¬ 
tronic  integrated  circuits.  We  have  integrated  these  waveguides 
with  traveling-wave  phototransistors  (TW-HPT’s)  in  which  opti¬ 
cal  power  transfer  occurs  through  leaky  mode  coupling  of  light 
from  the  waveguide  along  the  length  of  the  device.  Independent 
optimization  of  the  waveguide  and  phototransistor  is  now  possible 
permitting  superior  coupling  efficiency  and  detector  bandwidth. 
We  present  proof-of-concept  results  for  a  2-mm-long  TW-HPT 
integrated  with  a  8  x  10-jim  polyimide  waveguide. 

Index  Terms  Heterojunction  bipolar  transistors,  optical  in¬ 
terconnections,  phototransistors,  polymide  films,  traveling-wave 
devices,  waveguides. 


I.  Introduction 

POLYMER  waveguides  are  being  developed  for  use  as 
optical  interconnects  in  photonic  circuits  [1],  Polyimide 
waveguides  in  particular,  because  of  their  versatile  character¬ 
istics,  are  finding  widespread  use  in  wafer  scale  applications 
[2],  In  our  previous  work,  we  have  used  on-wafer  polyimide 
waveguides  and  have  demonstrated  their  bandwidth  up  to  50 
GHz  [3],  Discrete  optoelectronic  circuits  were  used  in  these 
experiments  with  butt  coupling  from  waveguide  to  the  optical 
detector.  In  such  hybrid  optoelectronic  configurations,  there  is 
an  inherent  tradeoff  between  optical  coupling  efficiency  and 
the  detector  bandwidth  [4],  Furthermore,  detectors  illuminated 
vertically  also  tend  to  saturate  at  low  optical  powers.  The 
central  concern  of  our  current  work  is  to  explore,  using  in¬ 
tegrated  polyimide  waveguides,  a  horizontal  coupling  scheme 
to  overcome  these  problems.  Polyimide  waveguides  have  been 
defined  directly  on  the  base  and  collector  mesas  of  a  traveling- 
wave  optical  device— the  traveling-wave  heterojunction  pho¬ 
totransistor  (TW-HPT).  The  optical  power  in  these  devices  is 
coupled  through  leaky  modes  along  the  length  of  the  device 
We  have  demonstrated  the  viability  of  the  leaky  mode  coupling 
concept  experimentally  and  present  preliminary  results  from 
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prototype  devices  including  the  frequency  response  up  to  20 
GHz. 

II.  Comparison  of  Interconnect  Technologies 

Several  interconnect  technologies  are  currently  available 
including  all-glass  [5],  silicon-on-insulator  [7],  and  InGaAsP 
on  InP  [7],  While  these  technologies  have  their  merits  and 
find  specific  applications,  they  have  yet  to  satisfy  the  basic 
requirements  needed  for  wafer  scale  integration.  An  ideal 
on- wafer  interconnect:  1)  has  low  input  coupling  loss  when 
butt  coupled  from  a  fiber;  2)  has  low  propagation  losses 
when  routing  light;  3)  incorporates  passive  single/multimode 
waveguiding  elements  for  functionality:  4)  integrates  well 
with  electrooptic  modulators;  and  5)  couples  efficiently  into 
photodetectors.  Polyimide  waveguides  have  the  capacity  to 
satisfy  these  requirements  of  ideal  interconnects  and  are  also 
both  rugged  and  durable. 

Glass  waveguides  have  the  best  input  coupling  losses  of 
0.1  dB  per  connection  and  low  absorption  losses  of  0.05 
dB/cm  [5],  Although  this  technology  is  excellent  for  pas¬ 
sive  optical  circuits,  it  is  not  suitable  for  integration  with 
active  devices.  Rib  waveguides  made  with  silicon  on  insulator 
(SOI)  are  attractive  because  of  established  silicon  processing 
techniques.  However,  single  mode  propagation  is  generally 
not  easily  obtainable  and  losses  tend  to  be  high  [6].  Op¬ 
tical  detectors  at  1.3-1.55  fim  are  not  available  in  silicon 
and  therefore  restrict  the  scope  of  this  technology.  InGaAsP 
quaternary  waveguides  can  be  integrated  with  active  devices 
such  as  p-i-ns  and  phototransitors  [7],  but  crystal  growth 
techniques  place  a  limitation  on  the  maximum  thickness  of 
the  waveguide  to  0.5-0.7  Mm.  This  again  results  in  poor 
mode  matching  from  a  fiber  input  and  therefore  substantial 
insertion  losses.  Also,  high-speed  electrooptic  modulators  have 
yet  to  be  demonstrated  in  the  material  systems  described 
above.  Polyimides,  a  class  of  polymers,  are  an  outstand¬ 
ing  alternative.  Excellent  input  coupling  between  fiber  and 
waveguide  can  be  achieved  [8],  Polyimides  have  very  low 
material  losses  of  0.09  dB/cm  [9],  which  is  among  the  best 
reported  in  the  literature.  Passive  polyimide  waveguide  struc¬ 
tures  such  as  delay  elements,  power  splitters/combiners  and 
repetition  rate  multipliers  have  been  extensively  examined 
[3],  Recently,  polymer  modulators  with  bandwidths  in  excess 
of  100  GHz  have  been  demonstrated  [10],  Through  serial 
grafting  techniques  [11],  polyimide  waveguides  are  ideally 
suited  for  integration  with  such  high  bandwidth  polymer 
modulators. 
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Fig.  1.  Simulations  of  effective  absorption  coefficient  versus  polyimide 
waveguide  thickness  on  InGaAs  at  1.3  //m. 


Fig.  2.  Experimental  verification  of  leaky-mode  coupling  using  7-/xm-thick 
polyimide  waveguide  on  InGaAs.  Points  represent  actual  measurement  data 
Solid  line  is  an  exponential  fit  to  the  data.  Effective  absorption  coefficient 
measured  to  be  17  dB/cm. 


III.  Integration  with  Traveling-Wave 
Heterojunction  Bipolar  Transistors 

To  investigate  the  potential  of  polyimide  waveguides  for  ef¬ 
ficient  optical  coupling  to  active  devices,  we  propose  to  utilize 
the  traveling-wave  concepts  that  have  been  implemented  so 
successfully  in  optical  modulator  technology  [10]  and  extend 
these  concepts  to  optical  detectors.  In  our  approach,  we  define 
a  leaky-mode  polyimide  waveguide  on  top  of  the  active  region 
of  the  optical  detector.  Intensity  modulated  light  is  coupled 
into  the  polyimide  waveguide  and  leaks  into  the  detector’s 
active  region  along  the  length  of  the  device  due  to  the  fact 
that  the  index  of  refraction  of  the  semiconductor  is  higher 
than  that  of  the  polyimide.  A  microwave  signal  is  generated 
on  the  transmission  line  as  light  is  absorbed  by  the  detector. 
The  bandwidth  limitation  of  such  a  device  is  based  on  the 
velocity  mismatch  between  the  optical  wave  and  the  induced 
electrical  microwave  [12]. 
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Fig.  3.  Device  layer  structure  and  diagram  of  TW-HPT 
waveguide  defined  on  top  of  the  base  mesa. 
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In  our  traveling-wave  approach,  the  optical  absorption  can 
be  optimized  without  degrading  the  bandwidth.  The  rate  at 
which  the  light  couples  to  the  device  and  is  absorbed  can 
be  described  by  an  effective  absorption  coefficient  and  can 
be  adjusted  by  varying  the  dimensions  of  the  polyimide 
waveguide.  Therefore,  we  expect  superior  coupling  efficiency 
and  bandwidth  from  a  waveguide-fed  TW-HPT. 

To  investigate  this  concept,  we  used  a  simulation  pro¬ 
gram  by  Rsoft,  Inc.,  called  BeamProp  which  is  based  on  the 
beam  propagation  method.  We  simulated  structures  consisting 
of  polyimide  waveguides  of  various  thicknesses  on  top  of 
Ino.53Gao.47  As  to  extract  the  effective  absorption  coefficient  at 
an  optical  wavelength  of  1 .3  jtm.  The  index  of  refraction  of  the 
polyimide  and  InGaAs  was  1.52  and  3.368,  respectively.  The 
results  are  shown  in  Fig.  1  and  demonstrate  the  large  range  of 
control  over  the  effective  absorption  coefficient  which  leads 
to  design  flexibility  for  varying  the  length  of  the  detector  to 
achieve  optimal  optical  absorption. 

To  verify  our  concept  of  leaky  mode  coupling,  we  cou¬ 
pled  light  of  1.06-jtm  wavelength  into  a  7-/rm-thick  by  5- 
^m-wide  polyimide  waveguide  patterned  on  Ino.53Gao.47As. 
The  effective  absorption  coefficient  was  determined  by  mea¬ 
suring  the  loss/cm  using  a  CCD  camera.  The  results  are 


shown  in  Fig.  2  and  yield  an  effective  absorption  coeffi¬ 
cient  of  17  dB/cm,  which  agrees  well  with  our  simula¬ 
tions. 


IV.  Fabrication  of  Waveguide-Fed  TW-HPT 

The  fabricated  prototype  device  is  shown  in  Fig.  3.  The 
phototransistor  was  fabricated  first  based  on  an  HBT  layer 
structure  and  then  the  waveguides  were  patterned.  The  device 
consists  of  2-mm-long  coupled  microstrip  lines  with  electrode 
widths  of  20  n m  and  separation  between  lines  of  15.11  /tm 
designed  for  50-ft  characteristic  impedance.  On  both  ends  of 
the  device  area,  the  electrodes  flare  out  to  dimensions  that  are 
compatible  with  lOO-pm-pitch  coplanar  probes. 

In  defining  polyimide  waveguides,  we  have  found  it  conve¬ 
nient  to  use  Amoco’s  Ultradel  9120D  photoimageable  poly¬ 
imide.  Waveguides  with  smooth  and  vertical  sidewalls  were 
easily  achieved  using  standard  photolithography.  The  poly¬ 
imide  curing  was  done  at  a  low  temperature  of  175  °C  for 
120  min  to  reduce  the  possibility  of  beryllium  diffusion  from 
the  base  to  the  emitter.  The  devices  were  cleaved  at  liquid 
nitrogen  temperatures  to  achieve  good  optical  end  faces  on 
the  polyimide  waveguides. 


802 


IEEE  PHOTONICS  TECHNOLOGY  LETTERS,  VOL.  9,  NO.  6,  JUNE  1997 


VBW  =  1 0  kHz  SWP  =  60  msec 


Fi*  4-  Spectrum  analyzer  trace  of  the  20-GHz  optically  generated 
with  25-dB  SNR.  Incident  total  laser  power  was  2  mW. 


signal 


V.  Experimental  Results  and  Discussion 

To  measure  the  dc-optical  gain  of  the  TW-HPT,  light  at 
1.3-/zm  wavelength  from  a  single-mode  optical  fiber  was  butt 
coupled  to  the  polyimide  waveguides.  The  response  of  the 
TW-HPT  varied  depending  on  which  optical  waveguide  was 
used.  When  injecting  into  the  bottom  waveguide,  which  is 
defined  on  the  subcollector,  no  optical  gain  was  observed.  The 
authors  attribute  this  to  the  fact  that  the  absorption  of  light  in 
the  subcollector  does  not  effectively  change  the  base-emitter 
junction  potential  [13].  However,  when  light  was  injected  into 
the  top  waveguide,  which  was  defined  on  top  of  the  base 
we  measure  an  optical  gain  of  4.5.  The  fact  that  this  number 
is  greater  than  1  shows  the  appreciable  advantage  that  HBT 
based  detectors  can  have  over  conventional  p-i-n  detectors. 
The  optical  gain  can  be  improved  in  future  generation  devices 
by  mode  matching  the  optical  waveguide  to  the  input  optical 
fiber  and  by  optimizing  the  effective  absorption  coefficient 
to  the  device  length  to  obtain  >90%  absorption.  Presently, 
we  estimate  our  input  coupling  loss  to  be  -4.2  dB  and  our 
absorption  efficiency  to  be  50%. 

Preliminary  measurements  of  the  TW-HPT  show  good 
frequency  response  up  to  20  GHz  with  a  signal-to-noise  ratio 
(SNR)  of  25  dB  as  indicated  in  Fig.  4.  The  frequency  re¬ 
sponse  of  the  device  was  measured  using  optical  heterodyning 
of  two-tunable  diode  pumped  YAG  lasers  at  1.3  /mi  [13], 
The  bandwidth  is  currently  limited  by  velocity  mismatch 
microwave  propagation  loss,  and  poor  impedance  matching 
to  the  external  circuit.  Based  on  our  simulations,  the  effective 
index  of  the  microwave  transmission  line  is  nmic  =  2.6  and 
the  effective  index  of  the  optical  wave  is  nopt  =  1.68.  Ignoring 
the  effects  of  dispersion,  this  velocity  mismatch  limits  the 
theoretical  maximum  frequency  response  of  our  device  to  4 
GHz-cm.  In  our  case,  the  optical  wave  travels  faster  than 
the  electrical  wave.  One  method  for  reducing  the  velocity 
of  the  optical  beam  is  by  defining  gratings  in  the  polymer 
waveguide  which  can  effectively  slow  down  the  fc-vector  of 
the  optical  wave.  Optical  gratings  in  polymer  waveguides  have 
been  successfully  demonstrated  by  B.  L.  Volodin  et  al.  [14], 
The  full  theoretical  model  and  computer  simulations  of  the 
performance  of  the  TW-HPT  will  be  presented  in  a  subsequent 


VI.  Conclusion 

We  envision  widespread  applications  of  polymer  waveguide 
technology  in  future  photonic  and  optoelectronic  integrated 
circuits.  To  integrate  polyimide  waveguides  with  detectors,  we 
have  explored  the  concept  of  leaky  mode  coupling  along  the 
length  of  a  suitable  traveling-wave  device — the  TW-HPT.  A 
prototype  device  was  fabricated  with  polyimide  waveguides 
defined  on  the  base  and  collector  mesas  of  a  TW-HPT.  The 
leaky  mode  coupling  concept  was  experimentally  verified  and 
shown  to  be  viable.  Preliminary  results  of  the  waveguide- 
fed  TW-HPT,  including  a  frequency  response  up  to  20  GHz, 
are  presented  and  discussed.  Future  work  includes  the  use  of 
slow  wave  structures  in  the  polyimide  waveguide  for  velocity 
matching  and  the  design  of  broad-band,  low-loss,  matched 
microwave  transmission  lines. 


The  authors  thank  K.  Medlock  and  K.  Medlock  of  Pixel  for 
loan  of  an  Apogee  AM4  camera  used  in  our  measurements. 
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Abstract  A  high-power  high-speed  phototransistor  has  been 
demonstrated  using  a  traveling-wave  (I  W)  structure  with  an 
integrated  polyimide  optical  waveguide.  In  our  configuration, 
optical  power  transfer  is  distributed  along  the  length  of  the  device 
via  leaky  mode  coupling  of  light  from  the  polyimide  waveguide 
to  the  active  region  of  the  phototransistor.  The  TW  electrode 
design  allows  for  an  electrically  long  structure  while  maintaining 
high  bandwidths.  Due  to  the  increased  absorption  volume,  the 
optical  power  handling  capabilities  of  the  TW-heterojunction 
phototransistors  (TW-HPT’s)  are  improved  over  that  of  conven¬ 
tional  lumped-element  HPT  detectors.  The  experimental  results 
show  no  saturation  of  the  fundamental  at  60  GHz  up  to  50  mA 
of  dc  photocurrent 


I.  Introduction 

ONE  of  the  major  commercial  incentives  driving  research 
in  photonics  is  the  microwave  fiber  optic  link.  A  typical 
link  consists  of  a  laser  source,  an  external  modulator,  the  fiber 
optic  transmission  medium,  and  an  optical  detector.  High- 
frequency  optical  detectors  are  one  of  the  primary  components 
that  dictate  the  system  performance  of  the  fiber  optic  link. 
In  order  to  reduce  the  radio  frequency  (RF)  insertion  loss, 
increase  the  spurious  free  dynamic  range,  and  increase  the 
signal-to-noise  ratio  of  the  link,  the  photodetector  needs  to  be 
able  to  handle  high  optical  powers  [1],  Heterojunction  pho¬ 
totransistors  (HPT’s)  which  exhibit  optical  gain  via  transistor 
action  offer  improvements  in  link  gain  over  p-i-n  or  MSM  pho¬ 
todiodes.  Although  much  work  has  been  done  on  high-speed 
phototransistors  [2],  a  classic  design  conflict  exists  between 
the  simultaneous  optimization  of  high-frequency  performance 
and  optical  coupling  efficiency.  In  lumped-element  HPT’s, 
the  devices  need  to  be  scaled  down  in  size  for  high-speed 
operation.  These  small  devices  tend  to  saturate  at  low  input 
optical  power  levels  because  of  the  small  absorption  volume. 
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In  an  attempt  to  overcome  these  problems,  we  propose 
to  utilize  the  traveling-wave  (TW)  concepts  that  have  been 
implemented  so  successfully  in  optical  modulator  technology 
and  extend  these  concepts  to  HPT  detectors.  A  schematic 
diagram  of  our  TW  heterojunction  phototransistor  (TW-HPT) 
is  shown  in  Fig.  1.  In  our  approach,  we  define  a  leaky- 
mode  polyimide  waveguide  on  top  of  the  active  region  of  the 
HPT.  Intensity-modulated  light  is  coupled  to  the  polyimide 
waveguide  and  leaks  into  the  HPT’s  active  region  along  the 
length  of  the  device  due  to  the  fact  that  the  index  of  refraction 
of  the  semiconductor  is  higher  than  that  of  the  polyimide.  The 
metal  pads  of  the  HPT  are  coplanar  waveguide  with  the  center 
line  contacting  the  emitter  and  the  ground  plane  contacting  the 
collector.  The  base  is  floating.  A  microwave  signal  is  generated 
on  the  transmission  line  as  light  is  absorbed  along  the  length 
of  the  detector.  The  ultimate  bandwidth  limitation  of  such  a 
device  is  based  on  the  velocity  mismatch  between  the  optical 
wave  and  the  induced  electrical  microwave  [3]— [6], 

Due  to  the  integration  of  the  polyimide  waveguide  and  the 
HPT  in  the  TW  configuration,  power  saturation  effects  are 
improved  because  the  absorption  of  the  incident  light  signal 
is  distributed  along  the  entire  length  of  the  device.  The  layer 
structure  for  the  TW-HPT  is  a  typical  HBT  design  consisting 
of  a  600-A  base  with  a  graded  base-emitter  junction  [7].  The 
polyimide  optical  waveguide  is  defined  on  top  of  the  emitter 
and  lies  in  the  gap  between  the  center  electrode  and  the  ground 
plane.  Since  the  core  size  for  single  mode  fiber  at  an  optical 
wavelength  of  1.3  pm  is  approximately  9  pm,  we  chose  the 
dimensions  of  the  polyimide  waveguide  to  be  10  x  10  pm. 
A  second  set  of  devices  was  also  fabricated  in  which  the 
center  electrode  shorted  the  emitter  to  the  base  to  form  a 
diode  structure.  We  will  refer  to  this  device  as  TW-Diode.  The 
optical  absorption  interaction  length  between  the  waveguide 
and  the  HPT  device  was  varied  from  20,  200,  to  2000  pm. 

II.  Experimental  Results 

The  dc  optical  responses  of  the  TW-HPT  and  TW-Diode 
are  shown  in  Fig.  2(a)  and  (b),  respectively.  A  bias  voltage  of 
Vce  =  1.5  V  was  applied  to  all  devices.  Comparing  the  two 
figures,  it  is  evident  that  the  transistor  action  of  the  TW-HPT 
dramatically  increases  the  sensitivity  of  the  optical  response. 
The  optical  gain  G  is  as  high  as  13.5  for  the  2-mm-long  TW- 
HPT  as  opposed  to  G  =  0.374  for  the  diode.  For  a  given 
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Fig.  2.  DC  optical  response  of  the  (a)  TW-HPT  and  (b)  TW-Diode. 


optical  coupling  efficiency.  This  is  most  easily  accomplished 
with  the  diode  since  the  transistor  gain  can  vary  from  device 
to  device.  The  results  for  the  TW-Diode  are  shown  in  Fig.  3 
for  three  different  input  optical  powers.  The  solid  lines  are  a 
theoretical  fit  to  the  measured  data  based  on  the  equation 

T  M  t> 

Iph  =  7^p°-  0) 

IPh  is  the  optically  generated  portion  of  the  output  current,  P„ 
is  the  incident  optical  power,  q  is  the  electronic  charge,  hv 
is  the  energy  of  the  incident  photons,  and  i 7  is  the  external 
quantum  efficiency.  The  external  quantum  efficiency  can  be 
broken  up  into  separate  factors  that  describe  the  different 
mechanisms  for  light  loss  and  light  absorption: 


optical  power  of  2.8  mW,  the  2-mm-long  diode  photocurrent 
ts  0.8  mA,  but  the  corresponding  transistor  photocurrent  is 
40  mA,  which  is  50  times  larger.  In  all  cases  the  induced 
photocurrent  increases  linearly  with  increasing  optical  power 
indicating  that  the  devices  are  not  saturating. 

By  measuring  the  photocurrent  as  a  function  of  device 
length  for  a  given  optical  power,  we  can  estimate  the  input 


V  —  ^coupling  •  ^propagation  '  Realty  (2) 

where  ^coupling  is  the  input  coupling  loss  between  the  op¬ 
tical  fiber  and  the  polyimide  waveguide,  propagation  is  the 
propagation  loss  from  the  optical  input  of  the  device  to  the 
active  region,  and  7fleaky  is  the  amount  of  light  absorption 
that  occurs  in  the  active  region  via  the  leaky  mode  coupling 
mechanism,  ^propagation  is  difficult  to  estimate  so  we  will 
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F'S-  4-  Optical  power  saturation  at  60  GHz  for  (a)  lumped-element  HPT 
and  (b)  200-^m-long  TW-HPT. 

combine  ^propagation  with  ^coupling  and  define  this  as  the  total 
input  coupling  loss  prior  to  the  active  region  of  the  device, 
t/ieaky  can  be  written  mathematically  as 

»7leaky  =  1  -  e~a°”1  (3) 

where  aop  is  the  effective  absorption  coefficient  which  is 
determined  by  the  thickness  of  the  polyimide  waveguide  and 
I  is  the  length  of  the  active  region.  Plugging  in  (2)  and  (3) 
into  (1)  we  obtain 

~  7  ^Coupling (1  —  e  a°Ply  (4) 

Given  that  our  polyimide  waveguide  thickness  was  measured 
to  be  7.5  /tm,  the  effective  optical  absorption  coefficient 
given  by  our  previously  published  simulations  is  taken  to  be 
aop  =  4  cm-1  [7].  We  can  now  fit  (4)  to  the  measured  data  of 
the  20-fj.m-,  200-ptm-,  and  2-mm-long  TW-Diodes  as  shown 
in  Fig.  3  and  determine  our  input  coupling  efficiency  to  be 

^coupling  —  70%. 


The  optical  power  saturation  measurements  for  the  TW- 
HPT’s  were  made  at  60  GHz  using  two  diode-pumped 
Nd :  YAG  lasers  in  an  optical  mixing  configuration  at  a 
wavelength  of  1.3  /rm.  The  results  are  presented  for  the 
200-/rm-long  device  since  this  seemed  to  exhibit  the  best 
trade-off  between  device  length  and  performance.  The  results 
for  the  TW-HPT  were  compared  to  a  lumped-element  HPT 
that  was  fabricated  with  a  similar  layer  structure  and  had 
an  emitter  area  of  8  x  8  /im.  The  displayed  data  in  Fig.  4 
shows  that  the  lumped-element  HPT  output  signal  begins  to 
saturate  at  a  dc  photocurrent  of  8  mA  whereas  the  200-/zm- 
long  TW-HPT  shows  no  signs  of  saturation  up  to  50  mA.  The 
power-handling  ability  of  the  TW-HPT  is  superior  to  that  of 
the  lumped-element  HPT  due  to  the  distributed  nature  of  the 
optical  absorption  via  the  leaky  mode  configuration. 


III.  Conclusion 

We  experimentally  measured  the  optical  response  of  the 
TW-HPT  and  demonstrated  high  optical  gains  with  input 
optical  coupling  efficiencies  of  70%.  A  200-jmi-long  TW- 
HPT  exhibited  no  output  power  saturation  up  to  50  mA 
of  dc  photocurrent  at  an  operating  frequency  of  60  GHz. 
We  envision  widespread  applications  of  the  high-power  high- 
frequency  TW-HPT  in  future  photonic  and  optoelectronic 
integrated  circuits. 
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Abstract — We  present  measurements  on  the  optical  frequency 
response  of  epitaxial  lift-off  (ELO)  1.0-^m  InP  high-electron 
mobility  transistors  (HEMT’s)  to  140  GHz  using  electrooptic 
sampling  and  heterodyne  techniques.  Our  picosecond  sampling 
measurements  established  that  the  lift-off  devices  exhibited  sub¬ 
stantial  optical  response  to  140  GHz.  Heterodyne  measurements 
made  at  60  and  94  GHz  later  confirmed  these  findings.  A  novel 
three  wave  mixing  technique  was  used  to  extend  the  heterodyne 
bandwidth  to  130  GHz.  In  these  experiments,  millimeter  waves 
were  generated  in  our  optically  driven  HEMT’s  and  launched 
into  waveguides.  These  lift-off  devices  can  be  major  additions  to 
future  millimeter  wave  integrated  optoelectronic  systems  either 
as  high  frequency  optical  detectors  or  as  optically  driven  tunable 
millimeter  wave  sources. 

Index  Terms —  Electrooptic  measurements,  epitaxial  lift¬ 
off,  integrated  optoelectronics,  millimeter  wave  generation, 
MODFET’s,  optical  mixing,  picosecond  sampling. 


I.  Introduction 

OF  ALL  THE  techniques  that  have  been  studied  to  inte¬ 
grate  electrical  and  optical  circuits,  including  flip-chip 
bonding,  wafer  bonding,  and  heteroepitaxy,  epitaxial  lift-off 
(ELO)  has  shown  itself  to  be  particularly  versatile.  Devices 
from  different  material  systems  can  be  combined  by  releasing 
the  epitaxially  grown  layers  from  their  original  substrate 
and  grafting  them  to  virtually  any  other  suitable  substrate. 
In  the  past,  researchers  have  shown  the  effectiveness  of 
this  technique  with  numerous  material  systems,  including 
semiconductor  to  semiconductor  [1],  semiconductor  to  glass 
[2],  semiconductor  to  sapphire,  and  semiconductor  to  diamond 
[3],  among  others. 

One  class  of  devices  which  are  important  elements  in  all 
optoelectronic  systems,  namely  semiconductor  photodetectors, 
stand  to  benefit  greatly  from  ELO  technology.  Prior  research 
has  shown  that  little  degradation  occurs  in  the  optical  [4]  or 
electrical  response  [5]  of  devices  after  lift-off  at  microwave 
frequencies.  Recently,  largely  because  of  WDM  communica¬ 
tion  applications,  there  has  been  a  push  to  develop  optical 
systems  that  can  work  at  millimeter  wave  frequencies.  The  ef- 
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feet  of  the  grafting  process  on  the  millimeter  wave  response  of 
high-frequency  photodetectors,  investigated  here,  is  therefore 
a  critical  area  of  research  for  future  integrated  devices. 

A  continuous  challenge  to  researchers  in  the  field  of  ultrafast 
optoelectronic  devices  has  been  the  ability  to  accurately  mea¬ 
sure  their  response.  Two  techniques  that  have  been  widely  used 
are  optical  heterodyne  and  picosecond  electrooptic  sampling. 
Picosecond  electrooptic  sampling  offers  excellent  linearity,  the 
ability  to  characterize  a  calibrated  high-frequency  response, 
and  minimal  intrusion  on  the  circuit  which  is  being  measured. 
Optical  heterodyne,  on  the  other  hand,  has  the  advantages  of 
being  highly  sensitive  and  has  the  capability  of  examining 
important  device  applications. 

In  this  paper,  we  measure  the  optical  response  of  l-/nm 
InP  ELO  PHEMT’s  on  quartz  substrates  to  140  GHz  using 
both  picosecond  electrooptic  sampling  and  optical  heterodyne 
characterizations.  In  our  picosecond  measurements,  a  novel 
technique  is  used,  whereby  we  sample  directly  from  com¬ 
mercial  coplanar  probes.  This  makes  it  unnecessary  to  wire 
bond  or  connect  coplanar  lines  to  the  device  for  minimally 
invasive  probing.  Our  sampling  results  establish  that  the  lift¬ 
off  process  does  not  adversely  affect  the  high-frequency  optical 
response  of  the  high-electron  mobility  transistor  (HEMT) 
photodetectors  to  140  GHz.  Optical  heterodyne  experiments  at 
60,  94,  and  130  GHz  provide  further  confirmation  of  this.  The 
extension  of  our  heterodyne  experiments  to  130  GHz  utilizes 
a  three-wave  mixing  technique.  To  our  knowledge,  this  is  the 
highest  frequency  optical  mixing  to  date  and  confirms  the 
use  of  lift-off  HEMT’s  as  high-frequency  optical  detectors. 
These  devices  can  be  readily  integrated  into  millimeter  wave 
optoelectronic  systems  by  using  ELO  configurations. 

II.  Device  Parameters  and  Fabrication 

A  cross  section  of  the  layer  structure  of  our  l-/xm  gate 
HEMT’s  is  shown  in  Fig.  1.  The  layers  of  the  device  were 
grown  on  an  InP  substrate  using  molecular  beam  epitaxy 
(MBE).  The  20-nm  InGaAs  capping  layer  was  heavily  doped 
to  allow  for  good  low-resistance  ohmic  contacts  to  the  source 
and  drain  and  to  protect  the  donor  layer  from  surface  oxidation. 
The  20-nm  InAlAs  donor  layer  was  planar  doped  with  Si  at 
a  level  of  3.66  x  1012  cm“3.  A  small  2-nm  undoped  InAlAs 
layer  was  included  to  further  separate  the  2DEG  channel 
electrons  from  coulombic  interactions  with  the  ionized  dopant 
atoms  in  the  donor  layer.  A  15-nm  undoped  In0.7Ga0.3As  pseu- 
domorphic  layer  was  used  as  the  2DEG  channel.  Hail  mobility 
measurements  on  the  samples  yielded  channel  mobilities  of 
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Fig, .!:  Cross  section  of  pseudomorphic  expitaxial  lift-off  high-electron 
mobility  transistor,  detailing  layer  structure. 


10  860  cm2/V-s  at  300  K.  Finally,  a  300-nm  InAlAs  buffer 
layer  was  included  to  serve  as  an  etch  stop  in  the  epitaxial 
lift-off  process. 

The  process  of  preparing  the  ELO  films  involved  two 
distinct  steps.  The  removal  of  the  processed  device  film  from 
its  original  substrate  and  the  subsequent  attachment  of  the  thin 
film  onto  a  host  substrate.  For  devices  fabricated  on  the  InP 
material  system,  the  etch  selectivity  of  hydrochloric  acid  (HC1) 
for  InP  versus  InAIAs  was  exploited.  In  this  method,  the  entire 
backside  of  the  substrate  can  be  etched  away.  The  InAIAs 
buffer  layer  acts  as  an  etch  stop,  preventing  damage  to  the 
active  device  layers.  Our  device  wafers  were  mechanically 
thinned  and  polished  to  50  /an  prior  to  etching.  This  allowed 
for  better  control  of  the  use  of  the  etch  stop  by  using  dilute 
concentrations  of  HC1  while  still  maintaining  reasonable  etch 
times.  The  sample  was  then  covered  with  Apiezon  W  wax 
(black  wax)  which  was  dissolved  in  tricholoroethylene  (TCE). 
By  dissolving  the  wax  in  TCE,  the  proper  consistency  was 
achieved  to  allow  the  wax  to  flow  to  the  edges  of  the  sample. 
The  main  functions  of  the  black  wax  were  to  protect  the  top 
layers  of  the  device  from  the  etchant  and  to  give  the  thin  film 
mechanical  stability  during  the  time  it  was  removed  from  the 
substrate  till  it  was  attached  to  the  host  substrate.  Immersion 
of  the  sample  in  HC1  for  about  6  min  sufficed  to  etch  away 
the  50-/im  substrate. 

For  our  measurements,  we  chose  quartz  as  a  host  substrate 
since  it  is  transparent  and  has  low  microwave  loss.  For  the 
optical  heterodyne  experiments,  the  thin  film  devices  were 
attached  to  the  quartz  using  Van  der  Waals’  forces.  In  this 
process,  the  device,  supported  by  the  black  wax,  is  allowed 
to  dry  under  weight  for  about  24  h.  Attractive  forces  between 
the  substrate  and  the  semiconductor  squeeze  out  the  water 
until  short-range  Van  der  Waals’  forces  hold  the  two  together 
[6].  Van  der  Waals  bonding  is  a  very  versatile  technique  in 
that  any  semiconductor  material  can  be  attached  to  almost  any 
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host,  given  conditions  of  planarity  and  cleanliness.  However, 
for  our  devices,  yields  of  only  about  10%  were  achieved  using 
this  Van  der  Waals  bonding  approach.  Therefore,  an  alternative 
attachment  method  was  used  for  devices  used  in  the  electroop¬ 
tic  sampling  experiments  and  the  electrical  RF  measurements. 
Here  an  ultraviolet  curable  optical  adhesive  was  used  to  attach 
the  film  to  the  substrate.  Using  this  approach,  the  yield  of 
the  grafted  film  devices  improved  dramatically.  DC  electrical 
measurements  showed  no  difference  for  the  films  attached 
using  Van  der  Waals  bonding  and  optical  adhesive  bonding. 


III.  Electrical  Characterization 

The  electrical  response  of  our  devices  were  character¬ 
ized  by  measurements  of  the  peak  transconductance  and  S- 
parameters  on  an  extended  HP8510C  vector  network  analyzer 
(45  MHz-50  GHz)  for  both  bulk  and  lift-off  devices.  The 
devices  were  contacted  using  on-wafer  air  coplanar  probes 
(Picoprobe  Model  67A  by  GGB  Industries  Incorporated).  For 
the  bulk  devices,  the  maximum  extrinsic  transconductance  gm 
was  measured  to  be  29.0  mS  at  a  gate  voltage  of  -0  1  V 
For  the  lift-off  devices,  the  peak  gm  was  21.0  mS  at  a  gate 
voltage  of  -0.48  V.  The  S-parameter  measurements  yielded 
the  gain  profiles  of  the  devices,  as  shown  in  Fig.  2(a)  for  the 
bulk  devices  and  Fig.  2(b)  for  the  lift-off  devices.  The  bulk 
devices  and  the  lift-off  devices  had  /max’s  of  50  and  60  GHz 
respectively.  Both  the  bulk  and  the  lift-off  devices  had  fT s 
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Fig.  3.  Electrooptic  sampling  system  schematic.  Details  of  the  electrooptic  intensity  modulator  are  shown. 


of  40  GHz.  The  electrical  response  of  the  lift-off  devices  are 
only  slightly  degraded  when  compared  to  the  bulk  devices. 


IV.  Electrooptic  Sampling  Technique 

A.  Experimental  Setup  and  Calibration 

To  measure  the  photoresponse  of  the  lift-off  HEMT’s,  an 
external  electrooptic  sampling  scheme  was  used,  similar  to  that 
presented  in  [7],  A  simplified  schematic  of  the  pump-probe 
setup  is  shown  in  Fig.  3.  The  laser  system  was  comprised 
of  a  synchronously  mode-locked  dye  laser  pumped  by  the 
frequency-doubled  output  of  an  actively  mode-locked  Nd:YAG 
laser.  The  dye  gain  medium  was  Rhodamine  6G  and  further 
pulse  narrowing  was  achieved  by  using  a  DODCI  saturable 
absorber.  The  608-nm  output  of  the  dye  laser  consisted  of  a 
pulse  train  of  1.4-ps  full  width  at  half  maximum  (FWHM) 
pulses,  measured  with  an  autocorrelator,  with  a  repetition  rate 
of  76  MHz  and  an  average  power  of  115-125  mW.  The 
sampling  beam  was  routed  through  a  comer  cube  reflector 
mounted  on  a  computer-controlled  translation  stage.  In  this 
fashion,  the  timing  between  the  sampling  and  generation  pulses 
could  be  controlled.  At  the  input  of  the  electrooptic  intensity 
modulator,  the  sampling  beam  average  power  was  maintained 
at  approximately  3.2  mW.  After  transmission  through  the 
acoustooptic  modulator,  the  average  generation  beam  power 
was  3.4  mW.  The  intensity  of  the  sampling  and  generation 
beams  were  controlled  by  attenuators  not  shown  in  Fig.  3.  At 
the  end  of  the  generation  arm,  the  beam  was  focused  onto  the 
active  area  of  the  HEMT  using  a  5x  objective  lens. 


The  use  of  the  electrooptic  intensity  modulator  in  this 
sampling  application  is  found  in  [7]  and  [8],  A  commercial 
20-^m-thick  LiTa03  crystal  (Terametrics  Model  200C-TIR) 
was  used  to  perform  the  electrooptic  modulation.  This  crystal 
thickness  has  been  shown  to  minimize  the  distortion  of  the 
measured  signal  when  compared  to  thicker  crystals  [9],  The 
crystal  is  in  the  shape  of  an  inverted  truncated  pyramid,  the 
faces  of  which  are  cut  at  60  deg.  The  angled  faces  of  the  crystal 
make  it  possible  to  use  total  internal  reflection  to  collect  the 
sampling  beam  for  analysis.  Both  the  bulk  and  lift-off  HEMT’s 
were  contacted  via  air  coplanar  probes  (Picoprobe  Model 
67 A).  The  probes  have  a  100-/xm  pitch  and  exhibit  nearly 
a  50 -n  impedance  from  dc  to  67  GHz.  The  photoresponse  of 
the  HEMT  was  sampled  by  bringing  the  LiTa03  crystal  into 
close  proximity  of  the  coplanar  probe  on  the  drain  side.  A 
schematic  representation  of  this  is  shown  in  Fig.  4.  The  optic 
axis  of  the  crystal  was  oriented  perpendicular  to  the  center  line 
of  the  coplanar  probe  and  parallel  to  the  base  of  the  crystal. 

Typical  half  wave  voltages,  VK,  for  the  intensity  modulators 
used  in  electrooptic  sampling  are  on  the  order  of  kilovolts  [10], 
Therefore,  in  order  to  detect  millivolt-level  signals,  careful 
attention  has  to  be  paid  to  minimizing  noise,  which  in  this  case, 
is  largely  laser  RIN  noise.  To  this  end,  the  mixing  approach 
developed  by  Chwalek  in  [11]  was  used.  In  this  scheme,  the 
relatively  small  electrooptic  intensity  modulation  is  detected 
differentially.  However,  if  an  imbalance  exists  in  the  detection 
system,  the  amplitude  noise  of  the  laser  can  severely  degrade 
the  signal-to-noise  ratio  (SNR).  By  modulating  the  generation 
beam  at  high  frequencies  where  the  laser  amplitude  noise  is 
low,  the  effect  of  the  system  imbalance  can  be  minimized  (see 
the  Appendix  for  mathematical  derivations).  A  two-channel  RF 
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Fig.  4.  Schematic  of  sampling  from  coplanar  probes.  The  LiTaC>3  crystal  is 
situated  over  the  drain  of  the  device  and  total  internal  reflection  is  used  to 
retrieve  the  sampling  beam. 


mixer  system  (Terametrics  Model  100-RF)  which  employed  a 
square  wave  at  3.000  MHz  and  a  sine  wave  at  2.998  MHz 
was  used. 

To  obtain  a  first-order  estimate  of  the  electrooptic  signal 
strength  and  the  SNR,  a  6-mm-long  coplanar  waveguide  was 
contacted  at  the  ends  by  the  coplanar  probes  and  the  LiTaC>3 
crystal  was  situated  over  one  of  the  probes.  The  55-0  coplanar 
waveguide  had  a  center  transmission  line  width  of  50-/im  and 
a  center  transmission  line  to  ground  plane  separation  of  50- 
/xm.  A  sinusoidal  waveform  at  3.000  MHz  was  applied  to 
one  of  the  coplanar  probes  and  monitored  on  an  oscilloscope. 
For  a  sampling  beam  average  power  of  3.2  mW  and  a  voltage 
sinusoid  amplitude  of  481  mV,  the  rms  voltage  detected  by  the 
lock-in  amplifier  (LIA)  was  12.75  /zV.  The  equivalent  noise 
voltage  was  measured  to  be  223.6  nV/\/Hz.  For  sampling 
purposes,  the  lock-in  filter  bandwidth  was  chosen  to  be  1  s 
and  every  point  was  measured  25  times  for  averaging.  These 
factors  considered,  the  minimum  detectable  voltage  was  1.88 
mV. 

Because  of  spatial  considerations,  the  sampling  function 
took  place  near  the  end  of  the  crystal.  Therefore  the  electrical 
transient  had  to  propagate  approximately  100  jzm  through  the 
crystal  before  reaching  the  sampling  site.  Propagation  through 
the  crystal  causes  degradation  of  the  transient  being  sampled. 
Furthermore,  the  high-frequency  behavior  (beyond  67  GHz) 
of  the  coplanar  probes  was  not  known.  In  order  to  have  an 
estimate  of  the  influence  of  these  effects  on  the  frequency  re¬ 
sponse  of  the  sampling  system,  a  simple  comparative  test  was 
performed.  This  involved  the  fabrication  of  low-temperature 
GaAs  (LT-GaAs)  photoconductive  switches  imbedded  into 
coplanar  waveguide.  The  coplanar  waveguide  geometry  was 
identical  to  that  described  above.  The  photoconductive  switch 
gap  was  50  /zm  long  and  20  fx m  wide.  The  switch  was 
biased  at  40  V.  The  response  from  the  switches  was  measured 
under  two  different  sampling  conditions.  First,  the  LiTaC>3 
crystal  was  contacted  to  the  coplanar  waveguide  approximately 


Delay  (psec) 


o  10  20  30  40  50  60 

Delay  (psec) 

(b) 

Fig.  5.  Time-domain  photoresponse  of  (a)  lift-off  HEMT  and  (b)  bulk 
HEMT.  Both  responses  exhibit  a  short  initial  pulse  followed  by  a  slowly 
decaying  tail.  The  pulses  have  a  FWHM  of  7.8  and  8.3  ps  for  the  lift-off 
and  bulk  HEMT’s,  respectively.  The  ripples  in  the  tail  are  attributed  to 
electromagnetic  radiation  emitted  by  the  device. 


1  mm  from  the  generation  site.  The  sampling  site  within 
the  crystal  was  near  the  entrance  face,  where  the  electrical 
transient  entered.  The  photoresponse  in  the  frequency  domain 
for  this  sampling  condition  was  Yi(u;).  Whenever  referring 
to  functions  or  calculations  in  the  frequency  domain,  it  is  to 
be  understood  that  only  the  amplitude  spectra  is  being  used. 
Second,  a  coplanar  probe  was  used  to  contact  the  coplanar 
waveguide  at  approximately  1  mm  from  the  generation  site. 
The  LiTaOs  crystal  was  situated  over  the  coplanar  probe  and 
the  sampling  site  was  moved  to  the  end  of  the  crystal.  The 
measured  photoresponse  in  the  frequency  domain  was  F2(k>)- 
The  electrical  transient  just  before  1  mm  from  the  generation 
site  is  assumed  to  be  similar  for  both  sampling  conditions. 
Therefore,  any  difference  in  the  measured  switch  response 
must  be  due  to  the  two  different  sampling  geometries. 

The  frequency  response  comparison  estimate  can  be  quan¬ 
tified  from  the  theory  of  linear  systems 


Y2{w)  _  H2(w)X( oQ 

n(w)  H1(w)X(w)~^W} 


(1) 
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Fig.  6.  (a)  Lift-off  and  bulk  HEMT  relative  power  spectrum  to  140  GHz 
obtained  from  time-domain  data  and  (b)  calibrated  lift-off  and  bulk  HEMT 
relative  power  spectrum  to  140  GHz  using  (3)  and  the  calibrating  function, 
C(w).  Beyond  30  GHz,  the  calibrated  response  shows  an  improvement  over 
the  uncalibrated  data.  At  140  GHz,  the  improvement  is  approximately  10  dB. 
The  ripple  in  the  response  is  attributed  to  the  tails  present  in  the  time-domain 
response. 

where  Hi(w)  is  the  sampling  system  frequency  response 
for  sampling  condition  one,  #2(^0  is  the  system  frequency 
response  for  sampling  condition  two,  and  X(u)  is  the  Fourier 
transform  of  the  electrical  transient  just  before  1  mm  from 
the  generation  site.  The  function  £(w),  the  system  frequency 
response  ratio,  was  calculated  to  140  GHz.  Beyond  80  GHz, 
C(w)  shows  a  sharp  roll  off  and  at  140  GHz  its  value  is  0.375 
of  that  at  dc. 

B •  HEMT  Optical  Frequency  Response  Measurements 

For  the  optical  response  measurements,  the  drain  to  source 
bias  on  the  lift-off  and  bulk  devices  was  2.0  V.  Typically,  a 
moderate  negative  bias  must  be  applied  on  the  gate  in  order  to 
obtain  a  fast  photoresponse  from  HEMT’s.  As  the  negative 
bias  on  the  gate  increases,  such  that  the  transconductance 
approaches  zero,  the  photoresponse  speed  increases  [12].  Our 
dc  measurements  show  the  transconductance  for  both  the  lift¬ 
off  and  bulk  devices  approaches  0  S  at  approximately  -1.0 


V  gate  to  source.  Therefore,  for  the  measurements  presented 
here  the  gate  to  source  bias  for  both  lift-off  and  bulk  HEMT’s 
was  set  to  -4.0  V. 

For  the  specified  bias  conditions,  the  photoresponse  in  the 
time  domain  is  shown  in  Fig.  5(a)  and  5(b)  for  the  lift-off  and 
bulk  HEMT’s,  respectively.  Qualitatively  the  photoresponse 
from  the  lift-off  and  bulk  device  are  similar.  Both  exhibit  an 
initial  short  pulse  followed  by  a  slowly  decaying  tail,  these 
results  are  in  agreement  with  those  found  in  [13].  The  tail 
is  attributed  to  the  collection  of  slow  moving  photogenerated 
holes.  The  magnitude  of  the  tail  and  therefore  its  influence 
on  the  photoresponse  is  a  strong  function  of  the  gate  bias. 
This  trend  was  experimentally  observed  in  a  set  of  preliminary 
measurements,  where  the  tail  amplitude  decreased  as  the 
negative  bias  on  the  gate  increased.  For  the  lift-off  HEMT’s 
the  photoresponse  pulse  exhibits  a  FWHM  of  7.8  ps;  while  for 
the  bulk  devices  the  pulse  exhibits  a  8.3-ps  FWHM. 

Due  to  the  probing  geometry,  part  of  the  LiTa03  crystal 
protrudes  beyond  the  coplanar  probes  and  was  situated  above 
the  device.  The  reflected  light  from  the  device  active  area 
partially  struck  the  over  hanging  crystal.  This,  combined  with 
the  fact  that  the  gate  (Schottky  diode)  was  illuminated,  led 
us  to  believe  that  the  disturbance  of  the  photoresponse  was 
caused  by  electromagnetic  radiation  emitted  by  the  HEMT 
[14],  [15].  To  validate  our  hypothesis,  the  coplanar  probe 
was  removed  from  the  drain  and  the  vicinity  of  the  device, 
while  the  crystal  was  maintained  at  its  sampling  position.  A 
signal  was  detected  with  the  drain  floating  and  the  gate  biased 
relative  to  the  source.  Our  measurements  showed  an  increase 
in  signal  strength  with  increasing  negative  bias  on  the  gate, 
in  agreement  with  the  findings  of  [14].  It  was  also  discovered 
that  by  moving  the  location  of  the  generation  beam  the  signal 
strength  was  altered.  This  can  be  understood  by  realizing  that 
the  reflected  beam  struck  the  crystal  at  different  positions  as 
the  generation  beam  was  moved.  These  preliminary  results 
support  our  electromagnetic  radiation  hypothesis.  The  ripple 
in  the  time-domain  photoresponse  tail  is  attributed  to  this 
phenomenon. 

From  the  time-domain  measurements,  the  relative  power 
spectrum  for  both  the  lift-off  and  bulk  devices  was  calculated. 
Given  that  the  Fourier  transform  of  the  HEMT  photoresponse 
is  ^hemt(w),  the  relative  power  spectrum  is  given  by 


^k,hemt(w)  =  20  log  (2) 

LThemt(O)  J 

and  is  measured  in  decibels.  pRt hemt(^)  is  graphed  in 
Fig.  6(a)  up  to  140  GHz  for  both  sets  of  devices.  The  ripple  in 
the  relative  power  spectrum  can  be  accounted  for  by  the  tail 
present  in  the  time-domain  photoresponse. 

It  is  possible  to  roughly  de-embed  the  effects  of  sampling 
condition  2  by  using  the  calculated  function  £(u;).  The  mea¬ 
sured  photoresponse  is  Ihemt(w)  =  i/2(w)Q(u>),  where 
Q(w)  is  the  HEMT  photoresponse  at  the  contact  pads.  The 
adjusted  response  is 


^hemtM  =  =  Hi{(jS)Q{w),  (3) 

In  Fig.  6(b),  the  adjusted  relative  power  spectrum  is  displayed. 
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The  devices  exhibit  moderate  frequency  response  up  to  140 
GHz.  These  results  provided  the  motivation  to  optically  het¬ 
erodyne  to  1 30  GHz.  From  Fig.  6(a)  and  (b),  it  is  apparent  that 
there  is  no  significant  degradation  in  the  device  photoresponse 
for  the  lift-off  devices  compared  to  the  bulk  devices.  This  is  an 
encouraging  result  that  provides  validation  for  the  integration 
of  photonic  and  nonphotonic  materials  by  the  epitaxial  lift-off 
process. 


V.  Optical  Heterodyne  Technique 


A.  Theory  of  Optical  Heterodyne 

Optical  heterodyne  detection  has  been  investigated  by  others 
to  characterize  the  high-speed  performance  of  photodetectors 
and  optical  receivers  [16],  [17].  This  technique  has  the  spe¬ 
cial  advantages  of  being  very  broad-band  and  sensitive.  The 
process  involves  the  superposition  and  mixing  of  two  laser 
beams  in  the  device  under  test.  Most  simply,  the  interfering 
beams  can  be  represented  by  two  plane  electromagnetic  waves 
of  frequency  aq  and  Assuming  that  they  are  collinear  and 
have  the  same  polarization,  the  resultant  electric  field  of  the 
two  beams  can  be  written  as 


Et  —  Ei  cos  wit  4*  E2  cos  u>2 1  (4) 


where  E\  and  E2  are  the  electric  field  amplitudes  of  the 
incident  beams.  The  device  responds  to  the  intensity  of  the 
incident  light  which  is  proportional  to  the  square  of  the  total 
electric  field  given  by 

E2  pp. 

E'  =  ~2  +  ~2  +  Eh E2  C0S(W1  ~  (5) 

In  deriving  (5),  the  high-frequency  term  (sum)  has  been 
neglected.  The  total  field  generates  photocurrents  in  our  device 
which  have  both  dc  and  ac  components 


^total  —  Me  +  i>i 

-tu M 


£2 

H — “  4*  E(u>b)  •  E\E2  cosu )bt 


(6) 


where  R& c  is  the  dc  responsivity  of  the  device  and  ujb  — 
-  u2  is  the  frequency  of  the  beat  signal.  F(ub)  is  the 
frequency  response  of  the  device  at  ub  and  can  be  measured 
from  dc  to  several  hundreds  of  gigahertz  by  sweeping  ub  over 
the  corresponding  bandwidth.  Such  a  sweep  can  be  realized  by 
using  a  frequency- tunable  laser  as  a  source  for  either  of  the 
two  interfering  optical  signals.  The  quantum  efficiency,  17,  is 
related  to  the  change  in  dc  photocurrent,  tjc,  and  the  incident 
power,  Pinc,  by 


Me 

p. 

■*  me 


hv 


tfdc 


(7) 


where  h  is  Planck’s  constant,  v  is  the  frequency  of  the  incident 
radiation,  and  q  is  the  electron  charge. 


Fig.  7.  Experimental  setup  of  optical  heterodyne  measurements. 


B.  Optical  Heterodyne  Measurements 

The  experimental  setup  of  our  optical  heterodyne  measure¬ 
ments  is  shown  in  Fig.  7.  A  temperature-stabilized  single¬ 
mode  He-Ne  laser  (0.5  mW)  with  a  linewidth  of  less  than 
1  MHz  was  employed  as  the  source  for  the  fixed  frequency 
optical  signal.  A  CW  ring  dye  laser  (Coherent  CR  699-21, 
300  mW)  optically  pumped  by  an  argon  laser  was  used  as 
a  tunable  source  for  the  local  oscillator  signal.  A  variable 
attenuator  was  used  to  reduce  the  dye  power  incident  on 
the  device.  The  dye  laser  was  actively  stabilized  and  servo- 
locked  to  an  oven-stabilized  Fabry-Perot  interferometer  by 
an  external  feedback  mechanism.  This  ensured  highly  stable, 
mode-hop-free  single-mode  laser  operation  with  a  linewidth 
less  than  0.5  MHz  and  a  long-term  frequency  drift  of  less  than 
50  MHz/h.  The  dye  laser  was  continuously  tunable  over  the 
whole  dye  spectrum  and  could  be  linearly  scanned  over  tens  of 
gigahertz  in  its  locked  mode  of  operation.  Kiton  Red  (600-640 
nm)  was  used  as  the  dye  gain  medium,  ensuring  hundreds  of 
gigahertz  of  tunability  around  the  HeNe  wavelength  (632.991 
nm).  Because  of  the  very  narrow  linewidths  and  stability  of  the 
lasers,  extremely  sensitive  optical  heterodyne  measurements 
on  high-speed  devices  could  be  performed. 

The  two  laser  beams  were  combined  and  made  collinear 
by  a  beam  splitter.  The  combined  beam  was  focused  on  the 
device  under  test  by  a  5x  objective  lens.  A  fraction  of  the  dye 
laser  beam  was  fed  to  a  wavemeter  (Burleigh)  for  continuous 
monitoring  of  the  dye  wavelength.  The  wavemeter,  which  has 
a  resolution  of  0.001  nm,  allowed  us  to  set  the  dye  wavelength 
to  an  accuracy  of  less  than  1  GHz  for  a  given  frequency  offset 
from  the  HeNe.  This  gave  us  a  rough  estimate  of  the  difference 
frequency  generated  by  our  mixing. 

High-frequency  coplanar  probes  and  bias  tees  were  used  to 
make  contact  and  dc  bias  the  HEMT  devices.  The  probes  also 
acted  as  broad-band  well-matched  antennas.  The  millimeter 
wave  signals  generated  in  our  devices  were  radiated  and 
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TABLE  I 

Optical  Heterodyne  SNR  of  the  Lift-Off 
and  Bulk  HEMT’s  at  60,  94,  and  130  GHz 


Frequency 

SNR  for 

Lift-off  HEMT 

SNR  for 
Bulk  HEMT 

(GHz) 

(dB) 

(dB) 

60 

19.3 

21.4 

94 

14.0 

14.2 

130 

8.2 

10.7 

launched  into  waveguides  through  the  probes.  This  is  equiva¬ 
lent  to  radiating  the  signal  by  an  integrated  antenna  structure 
and  receiving  the  signal  with  a  collecting  horn.  This  opens 
up  the  possibility  of  using  these  devices  as  compact  optically 
driven  millimeter  wave  sources.  Our  experiments  used  a 
heterodyne  detection  scheme  to  downconvert  the  optically 
generated  millimeter  wave  signals.  The  signal  from  the  device 
was  combined  with  a  local  oscillator  using  a  directional 
coupler  and  then  fed  to  a  commercial  mixer.  The  IF  signal 
from  the  mixer  was  amplified  and  then  displayed  on  a  spectrum 
analyzer. 

The  lift-off  devices  showed  dc  responsivities  of  4.2  A/W 
and  a  quantum  efficiency  of  825%  when  illuminated  with 
the  HeNe.  Our  optical  heterodyne  measurements  were  done 
at  60,  94,  and  130  GHz  on  the  HEMT’s  before  and  after 
lift-off  The  results  of  these  measurements  are  outlined  in 
Table  I.  The  spectrum  analyzer  traces  of  the  94-GHz  and 
130-GHz  downconverted  beat  signals  are  shown  in  Fig.  8(a) 
and  (b),  respectively.  As  can  be  seen,  both  lift-off  and  bulk 
HEMT’s  have  comparable  performance  within  experimental 
errors.  The  process  of  lift-off  has  not  produced  any  observable 
degradation  in  the  optical  response  characteristics.  In  Table  I, 
the  appropriate  bias  was  used  to  maximize  the  SNR  for  each 
frequency  point. 

It  should  be  noted  that  in  this  table  the  data  between 
frequency  points  is  not  calibrated.  This  is  due  to  the  fact 
that  differences  existed  between  the  probing  setup  and  the 
millimeter  wave  detection  scheme  for  each  frequency  point. 
In  the  60-GHz  experiment,  two  67-GHz  coplanar  probes  (Pi- 
coprobe  Model  67A)  with  V-connector  outputs  were  employed 
at  the  drain  and  gate  terminals.  The  drain  output  was  fed  into 
the  mixer  via  a  coaxial  to  a  waveguide  transition.  The  local 
oscillator  was  a  tunable  60-GHz  GUNN  oscillator.  In  the  94- 
GHz  experiment,  a  different  coplanar  probe  (Picoprobe  Model 
120)  was  employed  at  the  drain  side.  This  probe  has  a  built- 
in  coplanar  to  W-band  waveguide  transition  which  enabled 
us  to  couple  the  optically  generated  signal  directly  into  the 
mixer.  A  94-GHz  tunable  reflex  klystron  was  used  for  the 
local  oscillator. 

The  detection  of  radiation  with  frequencies  extending  be¬ 
yond  the  bandwidth  of  the  coplanar  probes  (120  GHz)  could 
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Fig.  8.  Optical  heterodyne  signal  of  the  lift-off  HEMT  after  downconversion 
of  the  (a)  94-GHz  and  (b)  130-GHz  signals  as  seen  on  a  spectrum  analyzer. 
This  data  is  also  tabulated  in  Table  I. 

not  be  achieved  with  heterodyne  detection  as  described  above. 
This  led  us  to  devise  a  different  detection  scheme  involving 
three-wave  mixing  for  the  130-GHz  measurements.  In  this 
scheme,  a  microwave  or  millimeter  wave  signal  of  frequency 
wrf  was  applied  to  the  gate  of  the  HEMT  while  it  was 
illuminated  with  the  two  optical  beams.  The  mixing  of  these 
three  signals  took  place  in  the  device.  This  process  took 
advantage  of  the  nonlinearity  of  the  HEMT  current-voltage 
characteristics  to  generate  mixing  products  between  the  opti¬ 
cally  generated  current  at  the  difference  frequency  (u/6)  and  the 
current  component  injected  at  the  gate  (u>rf).  One  of  the  mixing 
products  generated  has  a  frequency  w*  -o>rf  (=  -u>2  -  wrf). 

By  using  an  appropriate  u;rf,  the  frequency  of  the  mixing 
product  can  be  adjusted  to  a  frequency  (within  the  bandwidth 
of  the  probes)  that  could  be  radiated  into  the  heterodyne 
receiver  system. 

The  use  of  three-wave  mixing  to  detect  optical  heterodyne 
signals  in  photoconductors  was  demonstrated  in  [17].  There 
the  measurements  involved  frequencies  less  than  a  gigahertz, 
although  the  possibility  of  using  this  method  beyond  100 
GHz  with  a  similar  device  made  from  a  high-speed  material 
was  mentioned.  The  viability  of  this  approach  and  the  ability 
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of  the  HEMT  to  act  as  a  high-speed  three-wave  mixer  was 
demonstrated.  Using  this  technique,  high-frequency  signals 
ranging  up  to  240  GHz  can  be  detected  with  more  readily 
available  low-frequency  sources. 

In  our  experiments,  a  130-GHz  signal  was  optically  gener¬ 
ated  in  the  HEMT  and  mixed  with  a  35-GHz  signal  applied  to 
the  gate.  A  klystron  was  used  as  a  source  for  this  gate  signal. 
The  94-GHz  output  signal  was  launched  into  a  waveguide 
and  subsequently  heterodyne  detected  in  our  millimeter  wave 
detector.  The  local  oscillator  used  for  the  final  do wncon version 
was  a  tunable  95-GHz  GUNN  oscillator.  It  is  interesting  to 
note  that  we  also  were  able  to  observe  the  sum  frequency 
of  the  mixing  between  the  optically  generated  current  and  the 
injected  gate  current  at  94  GHz  by  simply  tuning  the 

optical  difference  frequency  from  130  to  60  GHz.  This  signal 
was  approximately  5  dB  larger  than  our  130-GHz  signal. 

Sensitive  optical  response  measurements  to  130  GHz  on 
ELO  HEMT’s  using  heterodyne  techniques  has  been  demon¬ 
strated.  Although  measurements  were  conducted  at  only  three 
discrete  frequencies,  it  is  possible  to  sweep  the  frequency 
in  order  to  obtain  a  complete  spectrum  of  the  HEMT  pho¬ 
toresponse.  Our  measurements  confirm  the  ability  to  optically 
generate  high-frequency  signals  in  three  terminal  devices.  This 
lends  itself  to  the  possibility  of  making  compact  millime¬ 
ter  wave  sources  using  optically  driven  ELO  HEMT’s  and 
semiconductor  lasers. 

VI.  Conclusion 


detection  method  can  be  employed  to  enhance  the  SNR. 
Operationally,  in  matching  the  detection  system  there  will 
be  a  small  imbalance,  -0,  caused  by  variations  in  photodiode 
load,  responsivity,  and  illumination  (0<V'<1).  Due  to  this 
imbalance,  laser  amplitude  noise  and  Shot  and/or  Johnson 
noise  will  contribute  to  the  degradation  of  the  SNR.  When  the 
generation  beam  is  amplitude  modulated  for  signal  detection 
purposes,  modulated  laser  amplitude  noise  will  also  cause  a 
degradation  in  SNR. 

For  the  detection  system  used  in  this  paper,  the  SNR  is 
defined  in  (Al),  shown  at  the  bottom  of  the  page,  where 
V0  is  the  peak-peak  voltage  drop  across  the  crystal,  Vavg 
is  the  voltage  drop  across  a  photodiode  load  due  to  the 
sampling  beam  average  power,  |V„(/)|2  is  the  power  spectral 
density  arising  from  Shot  and/or  Johnson  noise,  |iV(/)|2  is 
the  spectral  density  of  the  laser  amplitude  noise,  /m  is  the 
frequency  at  which  the  generation  beam  is  modulated,  and 
A/  is  the  bandwidth  of  the  detection  system  (limited  by  the 
LI  A).  In  deriving  (Al),  it  was  assumed  that  \N(f)\2  does 
not  vary  significantly  across  the  detection  bandwidth  [8].  In 
the  denominator  of  (Al),  the  first  two  terms  correspond  to 
the  laser  amplitude  noise  power  and  the  Shot  and/or  Johnson 
noise  power,  respectively,  while  the  third  term  represents  the 
modulated  laser  amplitude  noise  power. 

Assuming  small  \Vn{})\2^  >  2V0/V1T1  and  in  the  limit 
of  low  modulation  frequencies  such  that  |AT(/)|2  «  \N(f  - 
fm) |2,  the  SNR  is  dominated  by  the  laser  amplitude  noise  and 
can  be  simplified  to 


We  have  successfully  measured  the  optical  response  of  l-/xm 
ELO  HEMT  photodetectors  to  modulation  frequencies  of  140 
GHz  using  both  electrooptic  sampling  and  optical  heterodyne 
techniques.  Our  picosecond  results  demonstrate  that  lift-off 
devices  can  be  used  at  millimeter  wave  frequencies  with  no 
degradation  in  response.  Optical  heterodyne  experiments  at  60, 
94,  and  130  GHz  provided  further  confirmation  of  this.  These 
results  indicate  the  enormous  potential  of  the  epitaxial  lift-off 
process  in  the  integration  of  millimeter  wave  optoelectronic 
integrated  systems.  Current  efforts  in  this  area  include  testing 
at  1.3  /xm  for  applications  in  communication  systems,  per¬ 
forming  a  fully  calibrated  optical  heterodyne  response  to  150 
GHz,  and  characterizing  the  effect  of  the  illumination  level 
on  the  millimeter  wave  response  of  high-frequency  devices. 
These  latest  efforts  will  focus  on  0.1  -pm  and  50-nm  gate 
HEMT  photodetectors  which  have  /r’s  of  170  and  340  GHz, 
respectively. 


Appendix 

For  millivolt-level  electrical  transients  under  typical  sam¬ 
pling  conditions,  the  electrooptic  signal  is  weak.  A  differential 
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(3Yl)2|^(/)I2a/ 


(A2) 


According  to  (A2),  the  SNR  can  be  improved  by  increasing 
the  modulation  frequency  provided  there  is  an  imbalance  in 
the  detection  system.  However,  this  trend  cannot  be  main¬ 
tained  indefinitely.  When  the  modulation  frequency  is  such 
that  (|/V(/m)|/|N(0)|)2  =  (2V0/TfrVK)2,  the  modulated  laser 
amplitude  noise  contributes  the  same  amount  of  power  as 
the  laser  amplitude  noise.  Beyond  this  point,  the  efficacy  of 
increasing  the  modulation  frequency  begins  to  decrease. 

The  effect  of  the  modulation  frequency  on  the  SNR  can  be 
judged  from  the  ratio  of  the  modulated  laser  amplitude  noise 
power  to  the  power  of  the  other  noise  sources  which  we  call  $. 
Experimentally  this  ratio  can  be  determined  by  first  measuring 
the  noise  power  level  with  a  voltage  applied  to  the  coplanar 
probe  and  subsequently  with  no  voltage  applied.  We  define 
this  ratio  as  72  and  is  related  to  t?  by  (A3),  shown  at  the  top 
of  the  next  page.  With  a  48 1-mV  signal  applied  to  the  coplanar 
probe  and  for  our  sampling  conditons,  7  =  1.979.  In  this  case, 
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the  modulated  laser  amplitude  noise  power  is  approximately  ri7i  j  k  a  FwrarH  i  , 

three  times  larger  than  the  laser  amplitude  and  Shot  and/or  he,erodyne  detection  1t4 

Johnson  noise  power  combined.  PP-  883-885,  1988.  "  '  '  ’ 
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We  report  optical  mixing  with  difference  frequencies  to  211  GHz  in  50  nm  gate  pseudomorphic 
InP-based  high  electron  mobility  transistors  (HEMTs).  To  our  knowledge,  this  is  the  highest 
frequency  optical  mixing  signal  obtained  in  three  terminal  devices.  To  detect  the  signals  at  these 
frequencies,  a  novel  three-wave-mixing  configuration  was  employed.  To  demonstrate  the  wide 
tunability  of  this  setup,  a  sweep  of  frequencies  from  160  to  190  GHz  was  performed.  The  optically 
generated  millimeter  wave  signals  were  downconverted  to  97  GHz  and  radiated.  For  the  radiation 
experiments,  tunable  baseband  signals  were  also  added  by  injection  into  the  gate  terminal  of  our 
HEMTs,  thereby  providing  a  method  to  transmit  information.  ©  1998  American  Institute  of 
Physics .  [S0003-695 1(98)02404-8] 


Optical  mixing  is  a  promising  technique  to  generate  con¬ 
tinuously  tunable  millimeter  wave  frequencies.  The  gener¬ 
ated  signals  are  of  high  quality  in  terms  of  stability,  noise, 
and  spectral  purity.  Combined  with  optical  fiber  technology, 
this  technique  has  applications  in  many  important  areas  in¬ 
cluding  phased  array  radar,  remote  sensing,  spectroscopy  and 
communications  where  optical  fibers  can  serve  as  efficient, 
low  loss  transport,  and  distribution  media.  For  photodetector 
applications,  two-terminal  devices  have  been  mostly  used, 
although  three-terminal  devices  such  as  high  electron  mobil¬ 
ity  transistors  (HEMTs)1’2  and  heterojunction  bipolar 
transistors3,4  are  becoming  increasingly  competitive,  due  to 
their  inherent  gain.  The  presence  of  a  third  terminal  also  adds 
a  degree  of  freedom  in  controlling  the  mixing  process.  In 
particular,  the  gate  can  be  employed  to  introduce  a  baseband 
information  signal  for  upconversion  to  a  millimeter  wave 
carrier,  which  is  optically  generated  in  the  same  device. 

Recently,  we  have  demonstrated  optical  mixing  with  dif¬ 
ference  frequencies  to  130  GHz  in  1  pm  gate-length  epitax¬ 
ial  liftoff  HEMTs. 5  In  this  letter,  we  report  the  extension  of 
this  mixing  to  a  record  high  of  2 1 1  GHz  using  50  nm  gate 
pseudomorphic  AlInAs/GalnAs/InP  HEMTs.  The  high  fre¬ 
quency  optically  generated  signals  are  detected  using  a 
broadband  three-wave  mixing  technique.  A  sweep  over  the 
frequency  range  of  1 60- 1 90  GHz  was  performed  to  demon¬ 
strate  the  tunability  of  our  heterodyne  system. 

In  our  second  set  of  experiments,  97  GHz  optically  gen¬ 
erated  signals  were  radiated  into  free  space  by  way  of  a 
coplanar-to-waveguide  transition  and  a  radiating  horn.  The 
210  GHz  mixed  signals  were  also  radiated  after  downconver- 
sion  to  97  GHz.  This  demonstration  validated  the  concept 
that  by  using  suitable  antenna  structures  integrated  with  the 
device,  these  high  frequencies  could  be  directly  radiated. 
Further  integration  with  semiconductor  lasers  can  be  a  cost 
effective  way  of  making  compact  optoelectronic  millimeter 
wave  sources.  Enabling  integration  techniques,  such  as  epi¬ 
taxial  liftoff  and  integrated  slot  antennas,  are  being  investi¬ 
gated  for  such  applications. 6  Finally,  using  the  gate  terminal, 
tunable  electrical  sidebands  were  superimposed  on  the  97 


GHz  optically  generated  signal  and  then  radiated  into  free 
space  to  demonstrate  transmission  of  information  using 
fiber-millimeter  wave  links. 

The  devices  used  in  our  experiments  were  50  nm  gate- 
length  delta-doped  pseudomorphic  AlInAs/GalnAs/InP 
HEMTs.  *8  The  structure  had  a  sheet-charge  density  of  ap¬ 
proximately  2.7  X  1012  cm-2  and  a  channel  mobility  of  ap¬ 
proximately  13  000  cm2/Vs  at  300  K.  On  wafer  electrical 
characterization  of  the  devices  was  performed  on  a  HP8510C 
vector  network  analyzer  from  0  to  50  GHz.  A  millimeter 
wave  extension  kit  utilizing  frequency  multipliers  and  exter¬ 
nal  harmonic  mixers  was  also  used  to  further  extend  the  s - 
parameter  measurements  to  W  band  (75-110  GHz).  The 
short  circuit  current  gain  and  unilateral  power  gain  for  our 
HEMTs  are  shown  in  Fig.  1.  The  device  was  biased  at 
FDs=0.7  V  and  FGS=0.OV.  The  devices  showed  excellent 
gain  response  characteristics.  A  cutoff  frequency,  fT  of  228 
GHz  and  a  maximum  oscillation  frequency,  /max  of  124  GHz 
were  obtained  from  extrapolation  of  the  measured  gain  char¬ 
acteristics. 

The  dc  responsivity  and  quantum  efficiency  for  our  de¬ 
vices  were  measured  to  be  74  A/W  and  145,  respectively. 
The  overall  responsivity  was  2  AAV  when  external  coupling 
losses  were  included.  The  coupling  efficiency  was  estimated 
to  be  2.7%.  Quantum  efficiencies  greater  than  100%  can  be 
achieved,  since  in  HEMTs  the  photogenerated  holes  partici¬ 
pate  in  a  current  gain  mechanism  that  results  in  an  injection 
of  additional  electrons  in  the  channel  layer. 

In  our  optical  mixing  experiments,  the  HEMT  was  illu¬ 
minated  with  two  collinear  optical  beams  with  a  desired  fre¬ 
quency  offset.  The  mixing  current  at  the  difference  fre¬ 
quency,  o)b  is 

i&c(t)-2F(cob)yjp]P2  cos (<obt),  (1) 

where  F(a)b)  is  the  ac  responsivity  of  the  device,  Py  and  P2 
are  incident  optical  powers.  The  high  frequency  limit  of  the 
mixing  process  is  set  by  the  dynamic  photoresponse,  F((ob) 
of  the  device. 


398  Appl.  Phys.  Lett.  72  (4).  26  January  1998  0003-6951/98/72(4)/398/3/$15.00  ©  1998  American  Institute  of  Physics 

Downloaded  05  Jan  2001  to  128.97.88.134.  Redistribution  subject  to  AIP  copyright,  see  http://0jps.aip.0rg/ap.0/aplcpyrts.htrnl. 


FIG.  1.  Electrical  gain  measurements  (unilateral  power  gain,  U,  and  short- 
circuit  current  gain,  h2l)  for  the  HEMTs  were  performed  on  an  extended 
85  IOC  vector  network  analyzer  from  0  to  50  GHz  and  75-110  GHz.  From 
exd-apolation  of  the  data,  fmx  is  found  to  be  124  GHz  and  fT  is  found  to  be 


The  signal  and  local  oscillator  fields  used  in  our  optical 
mixing  experiments  were  obtained  from  a  temperature  stabi¬ 
lized  single  frequency  HeNe  laser  and  an  Argon  pumped 
continuous  wave  ring  dye  laser,  respectively.  The  dye  laser 
was  operated  with  Kiton  Red  620  dye  (600-640  nm)  and  had 
the  capability  to  tune  mechanically  hundreds  of  GHz,  and 
electronically  30  GHz  around  the  wavelength  of  HeNe 
(632.991  nm).  The  optical  power  incident  on  the  device  from 
the  HeNe  was  0.5  mW.  A  variable  attenuator  was  used  in  the 
dye  laser  path  to  limit  the  incident  dye  laser  power  on  the 
device  to  a  few  milliwatts.  The  incident  dye  laser  power  was 
kept  low  to  avoid  saturation  of  the  device  and  to  obtain  good 
modulation  depth.  A  5X  objective  lens  was  used  to  focus  the 
optical  radiation  on  the  device  in  this  free  space  implemen¬ 
tation.  Fiber  optic  connections  have  also  been  demonstrated 
and  will  be  used  in  our  next  extension  to  submillimeter  wave 
frequencies. 

To  contact  our  devices,  we  used  high  frequency  com- 
mercial  coplanar  probes  and  bias  tees.  The  probes,  which 
were  coupled  to  waveguides,  acted  as  well  matched  antennas 
for  our  devices  throughout  W  band.  To  overcome  the  band¬ 
width  limitations  imposed  by  use  of  the  probes,  a  three-wave 
mixing  technique  was  employed.  For  this  configuration,  a 
millimeter  wave  signal  of  frequency  tog  was  injected  into  the 
gate  of  the  device.  The  interaction  between  the  modulation 
induced  by  this  signal  and  the  optically  generated  signal  pro¬ 
duced  a  down-converted  signal  of  frequency  Wrf=<uA-w  , 

as  well  as  other  mixing  products.  The  frequency  of  the  gate’ 
signal  was  chosen  such  that  o»rf  fell  within  the  detection 
bandwidth  of  our  external  receiver  system.  A  backward  wave 
oscillator  (BWO)  tunable  over  the  entire  band  was  used  as  a 
millimeter  wave  source  for  the  gate  signal. 

The  three-wave  mixing  technique  took  advantage  of  the 
multifunction  capability  of  the  HEMTs.  The  interaction  of 
two  optical  waves  and  an  electrical  signal  injected  into  the 
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FIG.  2.  (a)  Spectrum  analyzer  trace  of  the  211  GHz  optically  generated 
signal  which  has  been  downconverted  to  97  GHz  in  the  HEMTs  and  hetero¬ 
dyne  detected  in  our  millimeter  wave  receiver,  (b)  Baseband  information 
signals  imposed  on  a  97  GHz  optically  generated  carrier  by  injection  into 
the  gate  terminal  of  our  device. 


gate  can  be  considered  as  a  hybrid  of  two  different  processes, 
optical  mixing,  and  electrical  down-conversion.  The  first 
process  makes  use  of  the  quadratic  response  of  the  device  to 
coherent  optical  fields,  as  described  in  Eq.  (1).  The  optically 
generated  current  is  then  modulated  by  the  injected  electrical 
gate  signal,  producing  a  sum  and  difference  frequency  com¬ 
ponent: 

i(l)  =  2F(o)b)yjp]P2  cos(atbt)A  cos(<ogt) 

— dF(<i)b)\l  P  iP2[cos(a>b+  (og)t + cos(o)b— (og)t], 

(2) 

Our  millimeter  wave  receiver  filters  the  sum  component  and 
detects  the  difference  frequency  for  display  on  a  spectrum 
analyzer. 

Both  mixing  processes  were  observed  to  be  strongly  de¬ 
pendent  on  the  operating  bias  point.  The  strength  of  the  op¬ 
tical  mixed  signal  depends  upon  the  photocurrents  present  in 
the  active  layer.  This  mixing  photocurrent  was  usually  opti¬ 
mized  by  operating  the  device  at  a  higher  drain  voltage  and 
at  a  gate  voltage  close  to  zero.  On  the  other  hand,  efficient 
down-conversion  is  obtained  when  the  device  nonlinearity  is 
more  pronounced.  This  usually  happens  when  the  device  is 
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Frequency  (GHz) 

FIG.  3.  Swept  frequency  optical  heterodyne  measurements  on  the  HEMTs 
from  160  to  190  GHz,  demonstrating  the  wide  tunability  of  our  system. 

biased  at  drain  voltage  just  before  the  onset  of  saturation. 
Therefore  a  compromise  has  to  be  made  in  choosing  the  bias 
point  when  the  two  processes  are  occurring  simultaneously. 

In  our  first  set  of  measurements,  we  detected  an  optical 
mixed  signal  at  211  GHz  in  our  HEMTs  with  the  BWO 
frequency  set  to  1 14  GHz.  The  down-converted  97  GHz  sig¬ 
nal  was  radiated  and  launched  into  the  waveguide  input  of 
the  external  receiver  system  using  the  coplanar  probes  as 
antenna  elements,  as  described  above.  A  spectrum  analyzer 
trace  of  the  signal  is  shown  in  Fig.  2(a).  A  16  dB  signal-to- 
notse  ratio  was  achieved  with  the  device’s  bias  optimized  at 
Eds=0.6  V  and  FGS=0.1  V. 

To  demonstrate  the  wide  tunability  of  our  optical  mixing 
signal,  we  performed  a  sweep  from  160  to  190  GHz.  In  order 
to  minimize  the  effect  of  the  external  receiver  system  on  our 
measurements,  the  frequency  of  the  down-converted  signal 
m  the  device  was  kept  constant  at  76  GHz  throughout  the 
sweep  by  simultaneously  tuning  the  dye  laser  frequency  and 
the  BWO  frequency.  The  BWO  power  applied  to  the  gate 
and  the  incident  optical  power  were  also  kept  constant  while 
tuning.  The  device  was  biased  at  FDS=0.7  V  and 
Fgs=- 0.2  V.  The  response  of  the  device  is  shown  in  Fig.  3. 
The  excellent  response  suggests  that  these  devices  can  be 
used  to  generate  frequencies  much  higher  than  211  GHz  by 
optical  mixing. 

Having  demonstrated  high  frequency  optical  mixing  we 
then  examined  the  radiation  and  propagation  of  the  optically 
generated  signals  in  free  space.  In  this  set  of  measurements, 
the  optically  generated  millimeter  waves  were  fed  to  a  radi¬ 
ating  horn  antenna  via  the  coplanar  probes.  The  free  space 
radiation  was  then  collected  using  a  horn  antenna  and  de¬ 


tected  in  our  millimeter  wave  receiver  system.  Initially,  an 
optical  beat  signal  of  97  GHz  was  generated  in  the  device 
and  radiated.  The  signal-to-noise  ratio  of  the  detected  signal 
was  24  dB.  The  211  GHz  optical  mixed  signal  was  also 
generated,  downconverted  to  97  GHz,  and  then  radiated.  In 
this  case,  a  signal-to-noise  ratio  of  12  dB  was  achieved.  This 
validates  the  use  of  these  devices  as  compact  optically  con¬ 
trolled  millimeter  wave  sources.  Future  integration  with  on 
wafer  antennas  using  epitaxial  liftoff  technology  is  currently 
being  pursued  to  radiate  the  21 1  GHz  signals  directly. 

Lastly,  to  demonstrate  the  viability  of  transferring  infor¬ 
mation  using  our  heterodyne  system  in  an  optical-millimeter 
wave  link,  a  100  MHz  rf  signal  was  imposed  on  a  97  GHz 
optically  generated  carrier.  To  impress  the  information  signal 
on  the  carrier  it  was  injected  into  the  gate  of  the  HEMT.  This 
highlights  a  unique  advantage  of  using  three-terminal  de¬ 
vices  over  two-terminal  devices  for  optical-millimeter  wave 
applications.  The  modulated  millimeter  wave  signal  was  then 
radiated  into  free  space  as  described  above  and  collected  in 
our  heterodyne  receiver.  The  detected  signal  is  shown  in  Fig. 
2(b).  The  sidebands  were  14.2  dB  down  from  the  carrier  for 
a  rf  signal  power  of  0  dBm.  The  rf  signal  frequency  was 
swept  over  a  few  hundred  MHz  and  no  appreciable  change  in 
sideband  strength  was  observed. 

In  conclusion,  we  have  demonstrated  the  mixing  of  two 
continuous  wave  laser  beams  in  50  nm  gate  pseudomorphic 
HEMTs  to  generate  continuously  tunable  mixed  signals  to 
21 1  GHz.  A  sweep  performed  over  the  frequency  range  from 
160  to  190  GHz  indicated  that  these  devices  have  excellent 
optical  response  characteristics.  Optically  generated  signals, 
both  continuous  wave  and  modulated,  were  radiated  into  free 
space  at  97  GHz  using  a  horn. 
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Fig.  I  Wavelength  division  sampling 

Different  shades  of  grey  represent  different  wavelengths 
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Optically  Controlled  Serially 
Fed  Phased  Array  Sensor 

vid  A.  Cohen,  Yian  Chang,  A.  F.  J.  Levi,  Harold  R.  Fetterman,  Fellow,  IEEE,  and  Irwin  L.  Newberg,  Member,  IEEE 


Abstract  A  new  type  of  RF-photonic  sensor  design  which  uses 
an  optical  serially  fed  phased  array  is  proposed  for  applications 
in  radar  and  communication  systems.  This  sensor  has  the  advan¬ 
tages  of  true  time  delay  and  yet  only  requires  one  tunable  laser 
and  one  fiber  optic  grating  delay  for  beam  steering.  In  addition 
to  discussing  the  system  operation  in  transmit  and  receive  modes, 
we  also  present  initial  experiments  establishing  the  viability  of  the 
basic  serial-feed  design  approach. 


I.  Introduction 

WE  propose  a  new  photonic  system  suitable  for  RF 
phased  array  sensors.  This  system  uses  a  serial-feed 
concept  that  represents  a  major  simplification  in  both  optical 
and  microwave  components  compared  with  conventional  par¬ 
allel  systems  [1]— [6],  Our  system  provides  both  phase  delay 
and  true-time  delay  (TTD)  for  beam  steering  and  requires 
only  a  single  tunable  laser,  optical  modulator,  and  time-delay 
element  [7],  In  this  paper,  we  present  descriptions  of  transmit 
(XMIT)  and  receive  modes  as  well  as  initial  experimental 
data  establishing  the  viability  of  this  approach.  In  our  design, 
the  use  of  fiber-optic  techniques,  such  as  long  and  low-loss 
delay  lines,  is  intrinsic  to  the  operation  of  the  system.  It  is 
predicated  upon  using  the  pulsed  nature  of  most  microwave 
sensors  in  a  manner  similar  to  clocked  systems  used  in  digital 
configurations.  Precise  timing  control  of  photonic  signals  i? 
used  to  distribute  RF  pulses  with  time/phase  delay  information 
to  each  element  in  a  radiating/receiving  array. 


H.  Transmit  Mode 


To  describe  the  proposed  mechanism  of  operation,  we  divide 
the  XMIT  function  into  two  parts:  the  timing  unit  and  the 
tapped  optical  delay  line  feed.  The  timing  unit  is  shown  in 
Fig.  1(a).  The  most  technologically  intensive  component,  the 
fast  and  broad-band  tunable  laser  shown  on  the  left,  can  rapidly 
change  its  wavelength  by  at  least  20  nm  using  proper  current 
adjustment  [8).  A  typical  laser  of  this  type  can  be  electronically 
tuned  in  less  than  a  nanosecond.  Using  an  optical  modulator. 
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Fig.  I.  Basic  XMIT  mode  implementation  for  array  of  n  elements,  (a)  The 
tuning  unit  uses  only  one  laser,  one  optical  modulator,  and  one  delay  element, 
(b)  Tapped  optical  delay  line  used  as  the  distribution  network  to  demultiplex 
serial  pulses  into  parallel  ones.  v 


light  from  the  laser  is  amplitude  modulated  at  the  desired 
microwave  operating  frequency  and  is  gated  at  the  radiated 
pulse  width.  After  leaving  the  modulator,  lasing  light  passes 
through  an  optical  circulator  and  then  into  a  fiber  grating. 
Reflected  light  from  the  grating  returns  to  the  circulator  and  is 
directed  onto  a  tapped  optical  delay  line  as  shown  in  Fig.  1(b). 

The  timing  information  is  obtained  via  the  fiber  grating 
which  yields  a  wavelength-selective  propagation  delay  for 
each  gated  pulse.  Although  our  initial  efforts  use  a  grating  with 
discrete  wavelength  selectivity,  the  system  may  alternately 
incorporate  a  continuously  chirped  grating  or  multiple  gratings 
in  parallel  to  enhance  the  time  resolution.  A  laser  which  can 
be  tuned  continuously  over  a  20-nm  range  and  fiber  grating 
reflectors  with  a  0.3-nm  FWHM  linewidth  (corresponding  to  a 
53-GHz  bandwidth)  allow  access  to  at  least  60  different  time 
delays  with  time-delay  accuracy  around  1  ps.  Each  serially 
fed  optical  pulse  has  a  unique  time  delay  relative  to  the  RF 
pulse  gate  timing.  It  is  these  TTD’s  that  control  the  pointing 
direction  of  our  phased  array.  The  number  of  pulses  in  the  fully 
loaded  line  corresponds  to  the  number  of  radiating  elements 
in  the  array  (or  subarray).  The  wavelength  stability  needed 
in  the  system  can  be  readily  achieved  by  maintaining  the 
temperatufe  fluctuations  to  within  1  °C  [5],  Note  that  this 
task  is  much  easier  in  our  system  than  in  others  because  fewer 
active  elements  and  passive  delay  elements  are  used. 

The  tapped  delay  line  consists  of  a  fiber  having  equally 
spaced  taps;  each  tap  is  connected  to  an  optical  detector.  The 
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optical  propagation  time  between  these  taps  corresponds  to 
the  length  of  the  longest  radiated  pulse.  It  is  important  to  note 
that  the  inter-tap  delay  time  in  this  approach  must  equal  to 
(or  an  integral  multiple  of)  the  RF  pulse  gate  period.  From 
the  circulator,  each  gated  pulse  will  arrive,  with  the  additional 
delay  for  beam  steering  imposed  by  the  fiber  grating,  simul¬ 
taneously  at  the  intended  tap  on  the  delay  line.  Essentially, 
the  delay  line  “stores”  the  pulses  until  it  is  fully  loaded  with 
the  correct  pulse  adjacent  to  each  tap.  At  this  moment,  the 
microwave  signal  from  the  optical  detector,  located  at  each 
tap  in  the  fiber  manifold  feed,  is  switched  to  the  antenna 
element  and  all  pulses  on  the  line  are  radiated  simultaneously. 
Each  antenna  element’s  microwave  pulse  has  the  correct  time 
delay,  as  set  by  the  fiber’s  Bragg  grating  reflector,  to  form 
a  radiating  beam  in  a  desired  direction.  There  is  complete 
freedom  in  choosing  this  direction  constrained  only  by  the 
number  of  available  laser  wavelengths  and  associated  Bragg 
grating  reflectors.  After  the  signal  is  radiated,  the  detector 
outputs  are  simultaneously  switched  away  from  the  antenna 
elements  and  the  fiber  manifold  feed  can  be  reloaded.  Due 
to  the  power  splitting  along  the  tapped  delay  line,  each 
photodetector  receives  1/n  of  the  useful  optical  power,  where 
n  is  the  number  of  radiating  elements.  This  corresponds  to  a 
—  10  Logn  dB  of  optical  power  loss  for  each  element.  For  a 
practical  size  (n  «  100)  of  subarray  or  array,  this  loss  can  be 
compensated  by  a  single  optical  amplifier  (+20  dB  or  more) 
if  necessary.  For  quasi-CW  transmit  or  receive  mode  systems, 
a  modification  of  the  basic  system  permits  each  optical  pulse 
to  be  accessed  in  turn  by  each  element  and  each  element  takes 
1/n  of  the  optical  power.  No  optical  power  is  lost  in  these 
cases. 

HI.  Experimental  Data 

Instead  of  using  a  tunable  laser,  it  is  possible  to  use  arrays 
of  lasers,  including  VCSEL’s,  that  are  switched  on  and  off 
to  obtain  a  large  set  of  precise  optical  wavelengths  [9]-[10]. 
To  evaluate  the  basic  concept  of  wavelength  controlled  time 
delays  in  our  serially  fed  system,  we  have  performed  a 
prototype  experiment  using  two  1.3-jrai  DFB  lasers  and  a 
ten-grating  reflector  fiber.  These  lasers  are  tuned  to  different 
grating  reflectors  on  a  single-mode  fiber  separated  by  1.7 
mm  corresponding  to  17.5  ps  round-trip  delay.  The  lasers 
are  alternately  switched  on  and  off  as  shown  in  Fig.  2(a). 
In  this  example,  pulse  widths  are  approximately  6  ns  with 
the  complete  switching  time  occupying  less  than  1  ns.  There 
is  no  fundamental  limit  to  the  length  of  the  pulses  used 
in  this  experiment;  6  ns  was  only  chosen  for  convenience. 
In  Fig.  2(b),  we  show  the  time-averaged  optical  spectrum 
after  10-GHz  microwave  modulation  and  reflection  from  the 
grating.  The  typical  —  35-dB  side-mode  suppression  in  the 
DFB  laser  is  enhanced  by  a  few  decibels  after  passing  through 
the  fiber  grating.  This  is  due  to  the  fact  that  the  reflection 
wavelength  of  the  neighboring  line  does  not  overlap  with 
the  DFB  s  natural  subsidiary  maxima.  Therefore,  we  obtain 
about  -40  dB  (-80  dB  electrical)  optical  purity  which  can 
contribute  to  the  signal-to-noise  performance  of  the  system. 
No  other  significant  reflections  have  been  noted  from  the 
terminated  fiber  grating. 


(a) 


Fig.  2.  (a)  Laser  #1  (solid  line)  with  emission  wavelength  \x  and  Laser  #2 
(dotted  line)  with  emission  wavelength  A2  are  alternately  switched  on  and 
off  with  pulse  widths  about  6  ns  and  switching  time  less  than  1  ns.  (b)  The 
optical  spectrum  of  Ai  after  reflection  from  the  fiber  grating  for  the  case  of 
10-GHz  modulation.  This  shows  the  spontaneous  emission  background  level 
resulting  from  reflection  of  the  other  grating  reflectors  is  40  dB  below  the 
desired  signal. 

Measurements  have  been  made  at  3,  10,  and  18  GHz  to 
examine  the  precision  and  switching  dynamics  of  the  fiber¬ 
optic  TTD  timing  unit.  Fig.  3(a)  shows  the  output  of  a  digital 
sampling  oscilloscope  with  a  3-GHz  RF  signal  which  was 
analyzed,  by  best-fitting  sine  functions,  to  have  a  TTD  of 
17.5  ps.  The  figure  shows  that  the  system  can  be  effectively 
switched  in  less  than  1  ns.  The  oscilloscope  is  triggered  with 
the  same  synthesizer  driving  the  modulator.  The  results  at  10 
GHz  [Fig.  3(b))  have  a  TTD  =  17.5  ps.  This  experiment  was 
also  repeated  at  18  GHz  and  yielded  a  phase  shift  of  110°  as 
shown  in  Fig.  3(c).  Finally,  by  switching  to  another  grating 
reflector  on  the  fiber  corresponding  to  a  TTD  =  54.9  ps,  a 
phase  shift  of  200°  at  10  GHz  was  obtained  as  shown  in 
Fig.  3(d). 

These  measurements  demonstrate  that  wavelength  switching 
speeds  and  the  reproducibility  required  for  the  laser  can  be 
obtained  using  commercially  available  components.  These 
results  also  establish  that  existing  fiber  grating  delay  lines 
offer  sufficiently  high  contrast  ratios  to  limit  the  background 
scattered  light  level  in  the  system.  Note  that  an  electrical  phase 
noise  ratio  of  better  than  80  dB  is  outstanding  for  such  a 
system. 

IV.  Receive  Mode 

In  the  receive  mode,  only  the  RF  phase  is  required  at  each 
antenna  element  for  a  given  direction  of  observation,  there  is 
no  optical  or  microwave  pulse  gating.  Using  the  same  timing 
unit  and  tapped  delay  line  as  in  XMIT  mode,  local  oscillator 
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‘g.  •  Solid  lines:  Detected  signals  showing  wavelength  switching.  Dotted 
lines  Sine-fit  to  the  A  i  RF  signals:  (a)  3-GHz  RF  signal  with  switched 
f  '  delay  (T™)  ^uaJ  t0  17.5  ps,  obtained  by  best-fitting  of  sine 
functions  on  a  smaller  time  scale  setting.  This  TTD  corresponds  to  an  18° 
phase  change  at  3  GHz.  Switching  time  is  less  than  1  ns.  The  signal  is  inverted 
dUeJ?.thlrRF  amplifier,  (b)  10-GHz  RF  signal  with  switched  TTD  =  17.5 
ps.  This  TTD  corresponds  to  a  63°  phase  change  at  10  GHz.  (c)  18-GHz  RF 
signal  with  switched  TTD  =  17.5  ps.  This  TTD  corresponds  to  a  1 10°  phase 
change  at  18  GHz.  (d)  10-GHz  RF  signal  with  switched  TTD  =  54.9  ps  This 
1TD  corresponds  to  a  200°  phase  change  at  10  GHz. 


(LO)  signals,  in  exact  reverse  phase  as  used  to  transmit  the 
beam,  are  supplied  to  mixers  located  at  each  antenna  element. 

The  received  signal  at  each  antenna  is  the  other  input  to  each 
mixer. 

Essentially,  the  receiver  we  propose  utilizes  the  conjugate 
phase  delays  to  yield  the  equivalent  of  a  configurable  matched 
filter.  Thus,  in  our  system,  the  signals  from  the  XMIT  pho¬ 
todiodes  are  fed  to  a  mixer  which  homodynes  this  optically 
generated  microwave  LO  signal  with  the  received  microwave 
signal.  The  signals,  mixed  to  baseband,  from  each  antenna 
element  are  then  added  coherently  in  a  simple  summed  signal 
processor  to  form  the  received  antenna  beam  signal.  For  a 
combined  XMIT  and  receive  system,  an  electronic  switch 
could  be  used  between  XMIT  and  receive  functions  to  allow 
the  same  timing  unit  and  optical  feed  to  be  used  to  generate 
RF  signals  with  steering  phases  for  XMIT  and  receive.  A  laser 
may  also  be  used  to  transmit  the  composite  summed  baseband 
signal  to  a  remote  site  for  further  processing  and  display. 

It  is  important  to  note  that  these  delayed  RF  signals, 
generated  by  laser  tuning  and  grating  delay,  have  a  RF  phase 
characteristic  of  a  true-time  delay  system.  This  yields  a  wide 
tuning  frequency  bandwidth  capability  for  constant  pointing. 


The  technique  is  relatively  simple  and  capable  of  steering  the 
receive  beam  through  all  angles  as  in  the  XMIT  mode.  The 
proposed  system  can  meet  the  RF  performance  specifications 
of  a  large  subset  of  potential  users.  By  using  two  parallel  delay 
lines  the  duty  cycle  can  be  increased  to  essentially  100%  as 
in  the  XMIT  mode. 


V.  Conclusion 

A  novel  serially  fed  TTD  system  has  been  proposed  and  the 
basic  concept  has  been  experimentally  verified.  The  system 
we  have  presented  is  a  RF  sensor  implementation  based 
upon  a  serial-feed.  It  uses  only  one  tunable  laser,  modulator, 
and  delay  element  to  achieve  completely  addressable  beam 
steering.  The  system  is  scaleable  and  additional  lasers  and 
fibers  can  be  used  in  a  parallel  configuration  to  increase  the 
number  of  available  bits  and  time  resolution.  The  system  is 
also  versatile  and  can  be  used  to  control  both  one-  and  two- 
dimensional  arrays  as  well  as  multibeam  systems.  Because 
the  amplitude  and  time  delay  for  each  radiating  element  is 
completely  programmable,  arbitraiy  beam  forming  is  possible. 
Thus,  by  using  the  natural  timing  of  pulsed  RF  systems,  we  are 
able  to  greatly  simplify,  to  reduce  the  cost,  and  to  increase  the 
flexibility  of  optically  controlled  radar,  communication,  and 
electronic  warfare  applications. 
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Abstract  A  new  optically  controlled  phased-array  system 
has  been  developed  that  has  all  the  advantages  of  true  time 
delay  (TTD),  yet  only  requires  one  tunable  laser,  one  optical 
modulator,  and  one  fiber-optic  grating  unit.  In  this  letter,  a  two- 
element  serial-feed  transmitter  has  been  assembled  and  tested  to 
demonstrate  the  feasibility  of  this  novel  concept.  Experimental 
results  include  TTD  operation  from  6-12  GHz  using  both  10- 
and  1-ns  pulses  transmitted  to  five  different  directions. 

Index  Terms  Optical  control,  phased  array,  serial  feed,  true 
time  delay. 


I.  Introduction 

WE  HAVE  developed  a  new  optically  controlled  system, 
suitable  for  phased  array  radar,  microwave  imaging, 
directional  data  communication,  and  related  applications  [1], 
[2].  This  system  uses  a  serial-feed  concept  that  represents  a  de¬ 
parture  from  the  conventional  approach  to  these  applications. 
Our  concept  yields  a  major  simplification  in  both  optical  and 
microwave  components.  Unlike  many  of  the  parallel  systems 
[3]~[8]  currently  under  investigation,  our  system  requires  a 
single  wavelength  tunable  laser,  modulator,  and  time  delay 
element  [9]  to  provide  the  necessary  phase  and  true  time 
delays.  In  our  design  the  use  of  fiber-optic  techniques,  such 
as  long  and  low-loss  delay  lines,  is  intrinsic  to  operation 
of  the  system.  Precise  timing  control  is  used  to  distribute 
RF  pulses  with  phase  and  time  delay  information  to  each 
element  in  an  operating  antenna  array.  In  this  letter  we  report  a 
demonstration  of  this  concept  using  a  two-element  transmitter 
with  five  pointing  directions.  We  also  exhibit  true  time  delay 
(TTD)  operation  from  6-12  GHz. 

II.  Serial-Feed  Configuration 

The  transmit  function  can  be  described  in  terms  of  a  serial 
timing  unit  and  a  serial  to  parallel  distribution  network  as 
shown  in  Fig.  1.  The  desired  delays  for  a  given  RF  beam 
direction  are  generated  sequentially  by  the  timing  unit  and  then 
transformed  into  parallel  signals  by  the  distribution  network. 
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Fig.  1.  Basic  serial-feed  transmit  mode  implementation  for  array  of  n 
elements.  An  optical  Bragg  grating  unit  in  conjunction  with  a  tunable  laser 
provides  steering  delays. 


This  network  then  feeds  the  parallel  delays  to  the  antenna 
arrays. 

In  our  design,  the  timing  portion  uses  an  electrically  tuned 
DBR  laser  [10],  [11],  The  laser  light  output  is  both  amplitude 
modulated  at  the  desired  microwave  frequencies  and  gated  at 
the  RF  transmission  signal  pulse  length  using  an  optical  mod¬ 
ulator.  After  passing  through  the  modulator,  the  laser  light  is 
directed  through  an  optical  circulator  to  a  series  of  fiber-optic 
Bragg  reflectors.  The  incident  optical  wavelength  determines 
the  position  in  the  fiber  at  which  light  is  reflected  back.  Thus,  a 
wavelength-selective  delay  can  be  imposed  onto  each  RF  mod¬ 
ulated  optical  pulse.  In  the  basic  system  discussed  here,  each 
serially  fed  optical  pulse  has  a  unique  wavelength  and  there¬ 
fore  a  unique  time  delay  relative  to  the  gating  signal.  The  de¬ 
sired  pointing  direction  determines  which  wavelengths  should 
be  chosen.  The  number  of  pulses  in  the  fully  loaded  tapped 
delay  line  corresponds  to  the  number  of  radiating  elements  in 
the  antenna  array  or  subarray.  Specifically,  the  first  pulse  is 
intended  for  the  nth  element  and  the  nth  pulse  is  intended  for 
the  first  element.  The  RF.amplitude  and  phase  of  each  element 
can  be  controlled  independently,  thus  allowing  multibeam 
patterns  to  be  formed  using  the  same  hardware  configuration. 


105 1-8207/97$  10.00  ©  1997  IEEE 


70 


v 


IEEE  MICROWAVE  AND  GUIDED  WAVE  LETTERS,  VOL  7,  NO.  3.  MARCH  1997 


Returned  light  from  the  third  port  of  the  circulator  enters 
the  distribution  network  formed  by  the  tapped  delay  line.  It  is 
important  to  note  that  this  tapped  line  is  used  to  transform 
serial  signals  into  parallel  ones  and  does  not  generate  the 
delays  for  beam  steering.  Once  the  series  of  optical  pulses 
arrive  at  the  correct  delay  line  taps  for  each  antenna  element, 
the  microwave  modulation  is  extracted  using  photodetectors. 
When  the  tapped  delay  line  is  fully  loaded,  the  microwave 
signals  from  these  detectors  are  simultaneously  gated  on  with 
microwave  switches  (Xmit  gates).  Each  element’s  microwave 
pulse  has  the  correct  time  delay  set  by  the  timing  unit  to  form 
a  radiating  beam  in  the  desired  direction.  After  the  signal  is 
radiated  the  switches  are  turned  off  and  the  line  is  reloaded. 
The  number  of  radiating  directions  is  limited  only  by  the 
number  of  available  laser  wavelengths  and  Bragg  reflectors. 
Although  our  initial  efforts  used  a  two  laser  switched  system 
and  a  fiber  grating  unit  with  discrete  wavelength  selectivity, 
the  system  will  ultimately  use  a  tunable  DBR  laser  with  a 
linearly  chirped  grating  to  provide  continuous  scanning. 


III.  Experiment 

To  establish  the  viability  of  this  serial-feed  approach,  we 
have  assembled  a  two-element  transmitter  with  five  optical 
wavelengths  yielding  five  discrete  pointing  directions.  One 
external  cavity  tunable  laser  (wavelength  =  At)  and  one  fixed 
wavelength  laser  (wavelength  =  A y)  are  used  in  conjunction 
with  two  optical  modulators  to  generate  the  desired  wave¬ 
lengths.  By  alternately  pulse  gating  and  RF  modulating  the  CW 
A,  and  Ay  signals,  a  fast  tunable  laser  switching  between  two 
wavelengths  (At  and  A/)  is  effectively  simulated.  In  our  initial 
experiments  the  repetition  rate  of  wavelength  switching  was  25 
MHz,  corresponding  to  the  tapped  fiber  delay  length  L  v  4 
m.  The  five  values  of  At  varied  from  1307.50  nm  through 
131 1.50  nm,  with  a  1-nm  separation  between  wavelengths,  and 
A /  was  set  at  1309.50  nm.  These  wavelengths  were  selected 
based  on  the  Bragg  wavelengths  of  the  fiber  reflectors.  The 
relative  time  delays  between  the  At  pulses  and  the  Ay  pulse 
were  measured  to  be  -40  ps,  -20  ps,  0  ps,  20  ps,  and  40  ps, 
with  an  uncertainty  of  ±2  ps. 

The  time-delayed  RF  signals  feeding  the  two-element  an¬ 
tenna  array  were  monitored  on  a  digital  sampling  oscillo¬ 
scope’s  (DSO’s)  channel  1  and  2  (CHI  and  2).  By  correctly 
gating  the  RF  signals  exiting  the  photodetectors,  CHI  received 
the  At  pulse  (variable  delay)  and  CH2  received  the  Ay  pulse 
(delay  reference).  Two  representative  pulse  widths  have  been 
tested:  10  and  1  ns.  The  10-ns  pulses  offer  a  flat  middle  portion 
suitable  for  time-delay  measurements  using  our  DSO  with 
best-fit  sine  functions.  The  time  delays  measured  using  the  two 
channels  of  the  DSO  agree  with  the  designed  grating  delays 
at  RF  frequencies  from  6-12  GHz.  The  1-ns  pulses,  with  a 
10-GHz  center  frequency,  contained  frequency  components 
from  8-12  GHz  and  were  suitable  for  demonstrating  the  wide 
instantaneous  bandwidth  of  the  system.  Fig.  2  shows  10-GHz, 
l-ns  pulses,  with  two  of  the  five  possible  time  delays. 

Because  this  experimental  transmitter  only  has  two  ele¬ 
ments,  its  radiating  beam  width  is  very  broad  (~60°).  There¬ 
fore,  in  order  to  demonstrate  squint-free  operation  with  ac- 
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Fig.  2.  Ten-GHz  1-ns  pulses  carried  by  1307.50-  and  1309.50-nm  optical 
carriers  monitored  on  the  CHI  of  the  DSO.  The  1307.50-nm  pulse  leads  the 
1309.50-nm  pulse  by  40  ps. 
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Fig.  3.  Measured  node  direction  versus  RF  frequency  at  different  \t  with 
Ay  fixed.  The  straight  lines  show  the  theoretical  values.  This  shows  the  TTD 
nature  of  the  system. 


ceptable  resolution,  the  radiation  node  was  used  instead  of 
the  antinode.  The  two  optical  modulators  were  biased  at 
different  modulation  slopes  to  provide  an  extra  7r  phase  shift 
between  the  two  elements.  The  radiation  node  direction  was 
measured  by  moving  the  receiving  horn  to  minimize  the 
detected  signal,  while  maintaining  the  same  distance  from 
the  two-element  array.  Using  an  antenna  separation  of  2.54 
cm,  the  theoretical  node  directions  are  -28°,  -14°, 0°,  14°, 
and  28°.  Fig.  3  shows  the  measured  node  direction  versus  RF 
frequency  at  different  optical  wavelengths  using  10-ns-long 
pulses.  It  shows  good  agreement  with  the  anticipated  pointing 
directions  and  effectively  illustrates  squint-free  operation  with 
some  fluctuations.  The  observed  deviations  are  attributed  to 
the  fact  that  only  two  elements  were  used  in  this  transmitter. 
This  resulted  in  a  large  uncertainty  in  locating  the  minimum 
of  the  received  signal.  By  using  more  antenna  elements, 
direct  measurements  on  the  antinode  directions  will  provide 
exceptional  resolution  with  suppressed  fluctuations. 

To  demonstrate  the  wide  instantaneous  bandwidth  of  the 
transmitter,  10-GHz,  1-ns  pulses  with  25-MHz  system  repe¬ 
tition  rate  were  radiated.  The  radiation  node  directions  were 
measured  to  be  the  same  as  those  in  Fig.  3.  The  spectra  of  the 
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Fig.  4.  The  spectra  of  the  detected  1-ns  pulses  centered  at  10  GHz.  The  fine 
structure  was  caused  by  the  system  repetition  rate  of  25  MHz.  The  receiving 
horn  was  located  at  the  node  (-28°).  The  gray  curve  is  the  signal  from  only 
one  antenna.  The  black  curve  shows  that  the  signals  from  the  two  antennas 
cancel  each  other  as  expected  for  a  node. 

received  signals  at  a  node  are  shown  in  Fig.  4.  The  black  curve 
was  obtained  when  both  antennas  were  radiating.  Because  of 
the  TTD  in  our  system,  the  node  position  is  independent  of 
frequency.  Thte  power  spectrum  of  the  node  is  shown  to  be 
minimized  over  the  bandwidth  defined  by  the  pulse  (8-12 
GHz).  To  further  demonstrate  the  two  antenna  signals  indeed 
cancel  out,  one  antenna  was  disconnected  from  the  system 
and  the  spectrum  of  the  other  antenna  measured.  The  result  is 
shown  as  the  gray  curve  in  Fig.  4. 

IV.  Conclusion 

A  new  serially  fed  true  time  delay  transmit  system  has 
been  presented  and  the  basic  concept  has  been  experimentally 
verified.  It  uses  only  one  tunable  laser,  one  optical  modulator 
and  one  delay  element  to  achieve  beam  steering  thereby 
greatly  simplifying  and  increasing  the  flexibility  of  optically 
controlled  systems.  For  large  two-dimensional  arrays  (>103 
elements),  the  problem  of  obtaining  sufficient  delays  can  be 
solved  by  cascading  two  timing  units:  one  for  horizontal  con¬ 
trol  and  one  for  vertical  control.  In  such  a  system,  consisting 
of  two  lasers,  optical  modulators,  and  delay  elements,  the  RF 
modulated  optical  output  of  the  vertical  timing  unit  is  detected 
and  then  fed  to  the  RF  input  of  the  optical  modulator  of 
the  horizontal  timing  unit.  The  number  of  delays  obtainable 


from  this  configuration  will  go  as  the  square  of  the  number  of 
wavelengths  obtainable  from  each  laser.  Furthermore,  a  natural 
extension  of  this  technology  can  be  used  both  for  the  receive 
mode  and  for  passive  imaging  [1]. 

The  two-element,  five-delay  transmit  system  we  have  pre¬ 
sented  is  a  basic  unit  that  demonstrates  the  concept  of  a 
serial-feed.  It  is  possible  to  enhance  this  system  in  several  ways 
and  to  extend  it  to  multiple  frequencies  and  beams.  Finally,  this 
system  represents  a  major  departure  from  traditional  parallel 
connected  configurations.  Because  of  its  simplicity,  we  foresee 
its  implementation  in  many  new  application  areas. 
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Abstract — Extension  of  a  new  optically  controlled  serially  fed 
phased-array  system  to  the  receive  mode  of  operation  has  been 
demonstrated.  Our  system  uses  the  pulsed  nature  of  microwave 
radars  in  a  manner  similar  to  clocked  systems  used  in  digital 
configurations.  This  novel  approach  requires  only  the  use  of  one 
tunable  laser,  one  optical  modulator,  and  one  chirped  fiber  grat¬ 
ing  unit.  In  this  letter,  we  present  an  experimental  demonstration 
of  a  two-element  serially  fed  wide  frequency  range  receiver  that 
validates  the  feasibility  of  this  novel  concept.  Our  system  can 
be  readily  expanded  with  multiple  elements  and  transmit/receive 
modules  for  a  complete  phased  array  system. 

Index  Terms — -Directional  communications,  fiber  gratings,  op¬ 
tical  control,  optical  fiber  delay  line,  phased-array  radar. 


I.  Introduction 

WE  HAVE  recently  reported  the  development  of  a  novel 
optically  controlled  phase  array  transmit  configuration, 
suitable  for  numerous  applications,  including  phased  array 
radar  and  directional  data  communications  [l]-[3].  The  serial- 
feed  concept  used  in  these  systems  represented  a  departure 
from  conventional  parallel-feed  approaches,  which  are  very 
laser  intensive  [4]-[14].  Our  system’s  use  of  a  single  wave¬ 
length  tunable  laser,  one  modulator,  and  one  fiber  grating  time 
delay  element  provided  a  major  simplification  in  the  number 
of  required  optical  components.  In  this  letter,  we  report  the 
demonstration  of  the  receive  portion  of  this  concept  using 
a  two-element  receiver  with  observation  directions  ranging 
from  4-30°  to  —30°.  The  dependence  on  one  time  delay 
unit  to  provide  time/phase  shifts  for  all  of  the  antenna  ele¬ 
ments  distinguishes  this  serially-fed  system  from  previously 
implemented  receive  systems  [13],  [15].  Our  introduction  of 
a  chirped  fiber  grating  to  the  system  enhances  its  capability 
by  making  its  directional  operation  continuously  variable. 
Combined  with  our  transmit  capability  [1],  and  with  the  use 
of  a  T/R  switch,  this  new  design  can  now  be  extended  to  a 
complete  transmit/receive  radar  system. 
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Fig.  1.  Basic  serially  fed  receive  mode  configuration  for  an  array  of  n 
elements.  A  chirped  fiber  grating  in  conjunction  with  a  tunable  laser  provides 
the  necessary  phased  delays  for  virtually  continuous  directional  operation  A 
second  tapped  delay  line  in  parallel  can  be  added  to  achieve  almost  continuous 
temporal  operation. 


II.  Serially  Fed  Receiver  Configuration 

The  serially  fed  receiver  consists  of  a  timing  unit  and  a  serial 
to  parallel  conversion  distribution  network  as  shown  in  Fig.  1. 
The  timing  unit  sequentially  generates  delays  designated  for  a 
given  direction  of  observation.  The  distribution  network  then 
transforms  these  delays  into  parallel  signals  and  feeds  them  to 
the  antenna  elements. 

In  the  basic  receive  configuration  (Fig.  1),  the  train  of 
(L/c/)-long  laser  light  pulses,  where  L  is  the  tapped  fiber 
delay  length  and  cf  is  speed  of  light  in  fiber,  is  modulated 
at  the  desired  microwave  frequency,  and  directed  through 
an  optical  circulator  to  a  fiber  grating.  By  reflecting  from 
a  particular  point  on  the  fiber  grating  a  wavelength-selected 
phase  shift  is  imposed  onto  each  modulated  optical  pulse.  The 
returned  light  from  the  third  port  of  the  circulator  enters  the 
distribution  network  which  supplies  each  mixer  with  the  local 
oscillator  (LO)  signal  for  mixing  with  the  received  microwave 
signal.  Assume  that  the  tapped  delay  line  is  loaded  sequentially 
with  2 n  pulses  from  a  tunable  laser  each  carrying  the  LO 
signals  that  are  phase  shifted  by  <^3  2<f>,  •  •  • ,  2 respectively, 
to  the  mixers.  The  tunable  laser  must  switch  wavelengths  on 
the  order  of  a  ns  and  therefore  has  little  effect  on  typical 
radar  signals  which  have  durations  of  hundreds,  and  even 
thousands,  of  nanoseconds.  At  the  beginning  of  the  receive 
mode  of  operation,  the  first  pulse  supplies  the  last  mixer  and 
the  nth  pulse  supplies  the  first  mixer.  After  an  interval  L/cf  in 
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Target  Angle  (degrees) 

Fig.  2.  Target  scanning  with  the  receiver  pointed  to  six  different  “listening** 
directions,  defined  by  the  tunable  laser  wavelength  At.  In  this  demonstration, 
experimentally  determined  “listening”  directions  correspond  to  the  angles 
where  S  =  0  and  5'  >  0. 

time,  the  second  pulse  will  reach  the  nth  mixer  and  become  its 
LO  signal  carrier.  At  the  same  time,  the  (n  +  l)th  pulse  will 
be  supplying  the  first  mixer  and  the  cycle  continued.  Note 
that  the  receiver  continues  to  “listen”  in  the  same  direction 
after  each  wavelength  progression  because  only  the  relative 
phases  between  mixers  (differential  phase  <j>)  are  important. 
This  wavelength  progression  repeats  until  the  last  loaded  pulse 
reaches  the  first  mixer. 

At  this  point,  there  would  be  a  loss  of  duty  cycle  for  the 
simplest  configuration  while  the  line  is  reloaded.  However, 
in  order  to  achieve  almost  continuous  operation,  our  design 
can  incorporate  the  option  of  a  second  tapped  delay  line  with 
an  extra  nL  delay  length  which  can  be  switched  to  feed 
each  mixer  the  appropriate  phase.  Although,  as  in  our  initial 
transmit  experiment  a  two-laser  switch  system  was  used,  we 
have  utilized  a  linearly  chirped  grating,  which  along  with  a 
tunable  DBR  laser  will  provide  almost  continuous  scanning 
for  the  ultimate  system. 

III.  Experiment 

In  an  experimental  demonstration  with  a  two-element  array, 
we  used  two  external  cavity  wavelength  tunable  lasers  in 
conjunction  with  two  optical  modulators  to  simulate  a  single 
fast  tunable  laser.  The  wavelength  of  the  first  laser  was 
fixed  at  Xf  and  the  wavelength  At  of  the  second  laser  was 
tuned  to  different  values  to  control  the  “listening”  direction 
of  the  receiver.  A  continuously  chirped  fiber  grating  centered 
at  1310  nm  with  a  10-nm  bandwidth  (>97%  reflectivity) 
was  used  as  the  wavelength  sensitive  element.  Phase  delayed 
signals  corresponding  to  the  reflections  of  Xf  and  Xt  were 
generated  by  the  basic  true  time  delay  (TTD)  timing  unit 
used  in  the  transmit  configuration  and,  therefore,  yielded 
squint- free  operation.  An  RF  signal  was  simultaneously  fed 
to  a  transmitting  horn  placed  on  a  rotating  stage  to  simulate 
the  signal  returned  from  a  target.  The  RF  signal  picked  up 
by  each  of  the  receiving  antenna  elements  was  fed  to  the 
RF  port  of  a  mixer.  The  LO  input  of  the  mixer  at  each 
element  was  provided  with  the  phase  delayed  signal  from  the 
timing  unit  and  photodiode.  Because  the  target  distance  was 


considered  unknown,  quadrature  mixers  were  used  to  provide 
homodyne  IF  signals  in  two  quadrants.  The  two  outputs  of 
the  mixer  associated  with  the  first  antenna  element  contain  dc 
components  given  by 

Kin  =  MBi  sin(^  -  $l)  Kos  =  COS(<f>  -  $1). 

For  the  outputs  of  the  mixer  associated  with  the  second  antenna 
element,  we  have 

Kin  =  MiBn  sin(A  -  $i)  V^s  =  AuBn  cos(A  -  $x) 

where  A\  and  An  are  proportional  to  the  LO  amplitudes  sent 
to  the  mixers,  Bi  and  Bn  are  proportional  to  the  received 
RF  amplitudes,  $1  is  an  unknown  phase  in  the  received 
RF  signals  due  to  the  unknown  target  distance,  <j>  is  the 
phase  difference  between  the  LO  signals  (from  the  timing 
unit),  A  =  (dwsin6)/c  is  the  phase  difference  between  the 
received  RF  signals  due  to  the  different  path  lengths  from  the 
target,  0  is  the  target  angle,  and  d  is  the  spacing  between  the 
antenna  elements.  The  four  outputs  of  the  mixers  were  fed  to 
a  computer  for  processing.  The  computer  calculated  the  final 
result  in  the  form 

5  =  Kos  •  Vg  -  Vg  ■  vg  =  ArAnBiBni A  -  <f>).  (1) 

The  phase  difference  between  the  LO  signals  is  set  in  the 
timing  unit  by  the  fiber  grating  for  each  wavelength  pair 
X/  —  At  and  is  described  by 

<t>  =  k{  At  —  A  f)u> 

where  k  is  a  parameter  involving  the  chirp  of  the  fiber  grating. 
For  a  given  target  direction,  0  can  be  extracted  by  plotting 
s[<f>(^t)]  for  different  At.  The  calculated  function  S  in  (1)  is 
zeroed,  with  a  positive  slope,  when  (dsin0)/c  =  k(Xt  -  A/). 
Therefore,  the  target  angle  can  be  written  as 

0  =  sin-1  [cfc(At  -  A f)/d\.  (2) 

In  this  feasibility  demonstration,  the  receiver  had  only  two 
elements  and  to  increase  the  resolution  of  the  system,  we  had 
chosen  to  use  the  function  S  in  (1)  to  determine  the  target 
angle  because  of  its  sensitivity  near  (dsin0)/c  =  k(\t  -  A/). 

To  demonstrate  the  ability  of  the  system  as  a  phased  array 
radar  receiver,  we  chose  six  different  wavelength  pairs  to 
deliver  the  LO  signals;  effectively,  the  receiver  was  used  to 
listen  to  six  different  directions.  For  a  selected  direction 
(wavelength  pair),  the  target  angle  was  changed  from  -30° 
to  30°  with  a  step  size  of  1°.  As  shown  above  at  the  right 
listening”  direction  the  S  function  is  zero  with  a  positive 
slope.  In  these  experiments,  the  RF  frequency  was  set  to 
8  GHz,  Xf  was  kept  at  1310.6  nm  and  At  was  tuned  to 
six  different  wavelengths.  Fig.  2  shows  the  corresponding  S 
function  versus  the  target  angle  for  each  wavelength  pair. 
The  least  square  best-fit  functions  were  calculated  and  used 
to  determine  the  target  directions  with  higher  accuracy.  The 
measured  target  angles  (corresponding  to  the  angles  where 
S  =  0  and  S'  >  0  in  Fig.  2)  are  -17.7°,  -11.6°,  -2.4°,  10.4°, 
19.4°,  and  27.4°.  The  theoretically  calculated  six  “listening” 
directions,  using  (2),  are  -19.3°,  -12.8°,  0°,  12.8°,  19.3°, 
and  26.2°.  The  measured  values  are  well  within  the  expected 
3°  of  the  two  antenna  element  theoretical  values. 


